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ABSTRACT
Microbial biodegradation of polycyclic aromatic hydrocarbons (PAHs) is the
primary means of attenuation of these toxic and carcinogenic compounds from
contaminated soils and sediments. The documented toxicity and carcinogenicity
of many PAHs demands remedial action for PAH-contaminated soils and
sediments. This is especially important for historically contaminated sites, where
higher molecular weight PAHs (HMW) are recalcitrant. Recently, fast-growing
Mycobacteria have been identified that can degrade HMW PAHs, such as pyrene
and benzo[a]pyrene. These bacteria have been isolated from a variety of
geographical locations, indicating a cosmopolitan distribution.
This dissertation work was driven by the need for a better understanding of the
ecology, distribution, and dynamics of indigenous microbial populations that can
biodegrade PAHs, with an emphasis on Mycobacteria. Both culture-independent
molecular approaches and cultivation were used to 1) determine the presence of
pyrene-degrading Mycobacterium genotypes and compare dynamics to
proteobacterial naphthalene-degradation genotypes; 2) determine the distribution
of these genotypes across environments, including different geographical
locations (Chattanooga Creek and Lake Erie) and different physical environments
(sediments vs. suspended particles); and 3) provide a link between functional
pyrene genotypes and phylogenetic identity of isolated pyrene-degrading
organisms.
The results of these studies indicate the pyrene-degrading Mycobacteria have
broad, cosmopolitan distribution in contaminated sediments and suspended
particles. Isolation of pyrene-degrading organisms from both Chattanooga Creek
and Lake Erie has provided strong evidence for horizontal transfer of pyrenedegrading genes between diverse genera. This work demonstrates the prevalence
of pyrene-degrading organisms in contaminated sediments and implicates an
integral role in natural attenuation of HMW PAHs.
iii
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Part I.
Literature Review

1

1. Biodegradation of Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are persistent environmental
contaminants. Aerobic microbial biodegradation is the primary degradation fate
pathway of these toxic and mutagenic chemicals in the environment. It is the
catabolic conversion by microorganisms that results in appreciable attenuation of
PAHs, and thus is of great interest with respect to bioremediation. As such, it is
imperative to understand the dynamics of microbial biodegradation processes in
the environment. Microbial biodegradation of PAHs has been well-documented;
however complex ecological interactions means there are still many unknowns,
particularly with respect to the distribution and dynamics of high molecular
weight PAH degrading organisms, that have only been relatively recently
described.

1.1 Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are a class of chemicals that are
ubiquitous and persistent environmental pollutants (Keith & Telliard 1979), many
of which have toxic, mutagenic and carcinogenic effects on organisms. They are
formed from incomplete combustion of organic materials. While there are many
natural sources of PAHs, such as forest fires, the highest concentrations (and most
hazardous for human health) tend to be associated with wastes from industrial
coal facilities, such as coking and coal gasification plants, and in wood
preservatives such as creosote. Coal tar creosote is a mix of approximately 150200 different compounds, consisting of 85% PAHs, 10% phenolic compounds and
5% N-, S-, and O- heterocyclics (Mueller et al. 1989). Sixteen PAHs have been
identified by the US EPA as priority pollutants (Keith & Telliard 1979), and their
structures and aqueous solubilities are shown in Table I-1.
2

Table I-1. Structures and solubilities of 16 priority polycyclic aromatic
hydrocarbons (PAHs) identified by the US EPA (Keith & Telliard 1979).
MW = Molecular Weight. Solubilities from ChemFinder
(http://chemfinder.cambridgesoft.com/)

Formula

MW

Aqueous
Solubility
(mg/L H2O)

Naphthalene

C10H8

128.1732

31.7

Acenaphthylene

C12H8

152.1952

3.93

Acenaphthene

C12H10

154.211

3.47

Fluorene

C13H10

166.222

0.19

Phenanthrene

C14H10

178.233

1.18

Anthracene

C14H10

178.233

0. 043

Fluoranthene

C16H10

202.255

0.265

Pyrene

C16H10

202.255

0.013

Benzo[a]
anthracene

C18H12

228.2928

0. 014

PAH

Structure
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Table I-1. Continued

Formula

MW

Aqueous
Solubility
(mg/L H2O)

Chrysene

C18H12

228.2928

0. 0018

Benzo[b]
fluoranthene

C20H12

252.3148

0. 0012

Benzo[k]
fluoranthene

C20H12

252.3148

0. 00055

Benzo[a] pyrene

C20H12

252.3148

0. 0038

Indeno[1,2,3c,d] pyrene

C22H12

276.3368

0. 062

Dibenzo[a,h]
anthracene

C22H14

278.3526

0. 0005

Benzo[g,h,i]
perylene

C22H12

276.3368

0. 00026

PAH

Structure
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PAH contamination is of concern because of the documented genotoxic, cytotoxic
and carcinogenic effects. In general, the higher molecular weight (HMW) PAHs
(> 3 benzene rings) have higher lipophilicity and thus tend to be more toxic than
the lower molecular weight compounds. Carcinogenic effects have been reported
for HMW PAHs, due to cytochrome P450 monooxygenase-mediated epoxide
formation (Harvey 1996). PAH exposure has also recently been linked to
cardiovascular disease (Kim et al. 2005a).
The environmental persistence and toxicity of PAHs is due to the fused aromatic
ring structure: this structure is nonpolar and very thermodynamically stable
because of delocalization of the double bond π-electrons, resulting in low
solubility and resistance to nucleophilic attack. The low aqueous solubilities tend
to decrease with increasing molecular weight (Table I-1). Because of these low
solubilities, these compounds are poorly bioavailable, and thus environmentally
recalcitrant (Cerniglia 1992, Priddle & MacQuarrie 1994). Bioavailability is
further reduced in soils and sediments, where there is limited mixing and
hydrophobic PAHs may be adsorbed onto particles or sequestered into pore
spaces.

1.2 Microbial degradation of PAHs
In fungi and other eukaryotic organisms, PAHs are transformed as a
detoxification mechanism, with the aim of increasing solubility to aid in
excretion. In contrast, microbial biodegradation of PAHs typically results in
carbon assimilation and energy production (the exception being cometabolic
degradation, where the transformation does not produce carbon or energy for the
microbe).

5

PAHs arise from incomplete combustion or oxidation of plant products; as such
their existence in the environment is ubiquitous. Microorganisms have had a
relatively long time to adapt and evolve a diverse array of degradation pathways
for these compounds (Phale et al. 2007). The biodegradation of naphthalene by
soil microorganisms was first observed and published in 1927 (Tattersfield 1927),
and the catabolic pathway determined in 1964 (Davies & Evans 1964). Following
that, microbial degradation pathways were elucidated for phenanthrene and
anthracene (Evans et al. 1965, Barnsley 1983, Kiyohara et al. 1994, Moody et al.
2001, Prabhu & Phale 2003), and fluorene (Casellas et al. 1997). More recently,
microbial pathways for the degradation of high molecular weight PAHs have been
characterized. Because of their high thermodynamic stability and hydrophobicity,
these compounds were long thought to be resistant to microbial biodegradation
(Herbes & Schwall 1978, Cerniglia 1992, Kanaly & Harayama 2000). Pathways
have been determined for the degradation of fluoranthene (Rehmann et al. 2001,
Lee et al. 2007), and pyrene (Kim et al. 2007). Transformation of benzo[a]pyrene
has been reported (Schneider et al. 1996), however few organisms are currently
known that have the metabolic capability to mineralize such a large PAH; as a
result degradation pathways have only been partially elucidated (Moody et al.
2004).
The acquisition of compounds like PAHs by microorganisms in the environment
is dependent on several factors. First, the bacteria must come in contact, or at
least in proximity, with the compound, which requires dissolution in water. The
rate of mass transfer of the compounds to the cells is described as bioavailability,
and is commonly the limiting factor in biodegradation of PAHs (Bosma et al.
1997, Harms & Bosma 1997). This also explains why the higher molecular
weight PAHs, which are more hydrophobic, tend to be extremely recalcitrant and
resistant to degradation in the environment. In addition to chemical constraints,
physical separation also contributes to reduced bioavailability in soils and
sediments: adsorption to particles, pore space sequestration, and dissolution in
6

non-aqueous phase liquids (NAPL) greatly minimizes the chance of contact
between organisms and PAHs. Reduced bioavailability is also exacerbated by the
age of the sediments, with older contaminants being more resistant to
biodegradation (Hatzinger & Alexander 1995). Some PAH-degrading organisms
have evolved strategies to overcome bioavailability challenges; for example,
production of biosurfactants, extracellular polymeric substances, and/or biofilm
formation (Alexander 1999, Samanta et al. 2002, Johnsen & Karlson 2004,
Bamforth & Singleton 2005, Johnsen et al. 2005).
The second step in bacterial metabolism of contaminants is the actual uptake of
the compounds. In the case of PAHs, their hydrophobicity allows them to pass
across a bacterial cell wall with relatively high frequency. Therefore uptake is
not thought to be a limiting step in bacterial metabolism of PAHs (Bateman et al.
1986). This observation is reinforced by molecular biological evidence:
biodegradation gene operons do not contain genes for transport systems, and
aromatic catabolism genes have been successfully cloned into E. coli, which then
exhibited efficient metabolism without any special uptake system (Zylstra et al.
1989).
Once the PAHs are within the bacterial cell, the PAHs are metabolized via
enzymatic degradation pathways. In aerobic PAH degradation, the initial attack
involves the addition of two oxygen molecules by a dioxygenase enzyme, which
polarizes and destabilizes the aromatic ring structure. (Dioxygenases are
discussed in more detail in Section 2.) After a dehydrogenation, the aromatic ring
is slightly polarized by the added hydroxyl groups and is much more amenable to
nucleophilic attack by other enzymes. Ring cleavage enzymes catalyze the
opening of the ring. For naphthalene, a two ring PAH, these initial enzyme steps
result in production of salicylate and catechol, which are broken down by another
ring cleavage dioxygenase to yield TCA cycle intermediates. For larger PAHs
such as pyrene, the degradation pathway involves repetition of these steps for
7

each aromatic ring: rings are sequentially substituted, then cleaved (Kim et al.
2007).
Not all biodegradation and biotransformation reactions lead to TCA cycle
intermediates (i.e. complete assimilative mineralization). Some pathways serve to
detoxify compounds by the addition of functional groups, but do not actually
cleave the ring structure (Cerniglia 1984, Kim et al. 2007). PAHs can also be
transformed to intermediates via cometabolism, that is, transformation of
compounds that cannot be used a carbon source by the organism (Boonchan et al.
2000, Dean-Ross et al. 2002). While this is not the most energetically favorable
in pure culture, it likely plays a role in mixed communities in the environment,
where cometabolism may be involved in cooperation between organisms (Keck et
al. 1989).

1.3 Bioremediation and natural attenuation
Physical removal of aromatic pollutants such as coal tar and creosote is often
difficult and expensive, and the feasibility of removal of all or most of a pollutant
is negligible, especially from soils and sediments. Chattanooga Creek, discussed
in more detail in section 5, represents a prime example: contaminated sediments
from one section had been previously excavated, however significant quantities of
PAHs still remain. There is unlikely to be further active cleanup on the site and
contaminant removal must therefore occur through natural attenuation, that is,
“biodegradation, dispersion, dilution, volatilization, and/or chemical
transformations which serve to reduce the mass, toxicity, mobility volume or
concentration of contaminants” (US-EPA 1999). In aerobic environments such as
Chattanooga Creek, microbial biodegradation is the primary process contributing
to degradation of coal tar constituents and natural attenuation of PAHs (Mueller et
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al. 1989). As such, it is of fundamental importance to understand contaminant
degradation carried out by indigenous bacterial communities.
Bioremediation aims to employ biodegradative organisms for the purpose of
contaminant transformation or reduction in concentration. The strategies
generally include biostimulation of indigenous microbial populations or
bioaugmentation through the introduction of nonindigenous biodegradative strains
or consortia. Biostimulation may include alterations of temperature, oxygen,
redox, moisture content or nutrients in the contaminated zone to encourage the
growth and biodegradation of the native community (Bamforth & Singleton
2005). Bioaugmentation strategies introduce biodegradative strains and/or soils
with active contaminant degradation activity to a contaminated site, in attempt to
encourage the spread of the beneficial organisms (Cerniglia 1992).
Unfortunately, bioaugmentation is often ineffective. Introductions of
biodegradative organisms to contaminated sites are unsuccessful because the
appropriate in situ conditions required for growth are not supplied, largely due to
ignorance: Laboratory studies often focus on one organism and one compound,
however polluted sites present a mixed consortia with a mix of contaminants and
other carbon sources which may be more readily used. Bioaugmentation
strategies often fail because of a lack of understanding of in situ processes,
including: metabolism in the presence of other carbon sources, preferential
degradation of compounds within a mixture, complex nutrient requirements,
transcriptional regulatory responses, and/or cooperative interactions between
organisms (Shuttleworth & Cerniglia 1996, Bouchez et al. 1999, Pelz et al. 1999,
Leblond et al. 2001, Shingler 2003, Watanabe & Hamamura 2003). For example,
addition of a PAH-degrading Mycobacterium strain to creosote contaminated soil
showed statistically similar degradation activity to soil treated with nutrients alone
(Juhasz et al. 2005). In another example, attempts to prime PAH-contaminated
soil with bioremediated soil dominated by Mycobacterium spp. indicated that over
9

time, biodegradation rates were comparable between primed and unprimed soil
(Johnsen et al. 2007). Enhanced biodegradation was observed at a coal
gasification site when indigenous microbes were reinoculated to the site at higher
concentrations (Grosser et al. 1991). These observations support the idea that
indigenous microbial communities in contaminated soil often already have the
catabolic capacity for biodegradation: this highlights the need to understand the
ecology of biodegradative strains, populations, and communities as a basis for any
decisions regarding bioremediation.
Isolation of PAH-degrading organisms has provided valuable insight into PAH
metabolism and genetics. However, the application of this knowledge to
remediation of contaminated sites is dependent on also understanding the ecology
and dynamics of microbial communities in situ, in a culture-independent manner.
Early studies quantified microbial community PAH transformation rates in the
environment, demonstrating an inverse relationship between molecular weight
and transformation rates (Herbes & Schwall 1978, Herbes 1981). These studies
also indicated that community transformation rates were independent of PAH
concentrations and total microbial biomass, paving the way for studies on
bioavailability of PAHs as well as the role of particular functional populations
within a community. Current ecological biodegradation studies aim to identify
and quantify functional groups of microorganisms responsible for biodegradation,
ultimately relating these groups back to biodegradation activity (Watanabe &
Hamamura 2003). This dissertation work is essentially a continuation of these
early PAH transformation studies, centered on the need for a better understanding
of indigenous communities, and employing molecular tools to monitor population
dynamics in PAH contaminated sediments.
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1.4 Ecology and biogeography of PAH-degrading organisms
The presence of bioavailable PAHs in the environment will select for organisms
that can use these contaminants as carbon source. As a result, microbial
communities adapt and change depending on the type and concentration of PAHs
(Ringelberg et al. 2001, Muckian et al. 2007, Uyttebroek et al. 2007). These
community changes have been documented in terms of total biomass, phenotypes
(i.e. types of organism) and functional genotypes (i.e. types of catabolic genes).
Microbial genera associated with PAH degradation have been isolated and
examined in situ from a variety of environments. The fact that similar organisms
are found in multiple locations supports Martinus Beijerinck’s early 20th century
hypothesis that “everything is everywhere—the environment selects”, stemming
largely from Beijerinck’s discovery that similar microbes could be isolated from
diverse locations using enrichment cultures (Beijerinck 1913). This hypothesis
essentially states that microbial diversity, distributions and abundances are the
product of current environmental influences, and not historical factors (i.e. genetic
isolation). It does not imply a random distribution of all microbes, in fact, there
have been numerous studies documenting the nonrandom biogeographical
distribution of microbial communities and genotypes (Fulthorpe et al. 1998, Cho
& Tiedje 2000). Rather, the “everything everywhere” hypothesis addresses the
cause of these biogeographical patterns by suggesting that dispersal rates are high
enough that the explanation for the current biota is found in the current habitat:
“the environment selects.” In the case of PAH-degrading microbes, this implies
that under similar environmental or enrichment conditions, similar organism
should be found.
Isolation of similar biodegradative organisms from geographically disparate
locations strongly supports the idea that biodegradative organisms are widely
dispersed (Fries et al. 1994, Mueller et al. 1997, Poelarends et al. 2000, Leys et al.
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2005a). Further evidence for the “everything everywhere” hypothesis comes
from observations of community shifts and isolation of biodegradative strains in
the presence of similar contaminants (i.e. enrichments). In particular,
observations from a variety of locations have indicated that enrichment on
naphthalene frequently leads to an increase in γ-proteobacteria, especially
Pseudomonas (Stoffels et al. 1998, Singleton et al. 2005, Castle et al. 2006, Ní
Chadhain et al. 2006); enrichment with fluoranthene and phenanthrene often
results in a dominance by Burkholderia and Sphingomonas (Mueller et al. 1997,
Ní Chadhain et al. 2006). Pyrene-contaminated or pyrene-enriched sediments
result in shifts in abundances of Mycobacteria (Dean-Ross & Cerniglia 1996,
Churchill et al. 1999, Jouanneau et al. 2005, Leys et al. 2005b, Hilyard et al.
2008), as well as Burkholderia, Sphingomonas, and Stenotrophomonas (Ní
Chadhain et al. 2006). While there are exceptions to these general observations,
the fact that multiple studies have revealed similar patterns from diverse locations
and communities is testament to the idea that many biodegradative strains are
cosmopolitan in distribution.
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2. Diversity of PAH Dioxygenases: Applications in Ecology of Biodegrative
Microorganisms

Aerobic microbial biodegradation of aromatic compounds is mediated by
oxygenase enzymes which add either one (monooxygenase, hydroxylase or mixed
function oxidase) or two (dioxygenase) hydroxyl groups to the aromatic ring.
Dioxygenases fall into two classes: the first are ring-hydroxylating dioxygenases,
which catalyze the addition of hydroxyl groups onto an aromatic ring. The
second class, ring-cleavage dioxygenases, catalyze the addition of hydroxyl
groups onto aromatic diols (e.g. catechol) followed by either intra- or extradiol
cleavage of the ring structure (Figure I-1). Ring cleavage dioxygenases were first
discovered by O. Hayashi, who demonstrated that a ring cleavage enzyme
converting catechol to cis,cis-muconic acid involved incorporation of atmospheric
dioxygen (O2) (Hayaishi et al. 1955), contrary to the prevailing thought that
biology obtained oxygen from water . The same year, H. S. Mason also published
similar results using a monooxygenase enzyme (Mason et al. 1955). Later, the
activity of ring hydroxylating enzymes, was elucidated by D. T. Gibson (Gibson
et al. 1970). This class of dioxygenases add hydroxyl groups to typically
unsubstituted aromatic rings, which destabilize the ring structure, or reduces the
aromaticity, allowing further degradation of the compound, including attack by
ring cleavage dioxygenases. An example is naphthalene 1,2 dioxygenase , which
catalyzes the conversion of naphthalene to cis-1,2,-dihydroxy-1,2dihydronaphthalene (Figure I-2).
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Figure I-1. Intra- vs. extradiol cleavage.

Figure I-2. Dihydroxylation of naphthalene catalyzed by naphthalene 1,2dioxygenase.
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2.1 Ring-hydroxylating dioxygenase structure and specificity
Aromatic ring dioxygenases are multicomponent enzymes that consist of a
catalytic hydroxylase component (terminal dioxygenase) and electron transport
chain components (iron-sulfur flavoprotein reductase and an iron-sulfur
ferredoxin). The terminal dioxygenase, or the hydroxylase component, has a
large (α) and small (β) subunit, generally around 50 and 20 kDa, respectively.
The subunits are arranged in an (αβ)n configuration; for example, naphthalene
dioxygenase from Pseudomonas is a trimer of dimers, i.e. α3β3 (Kauppi et al.
1998). The α subunit has two cofactors: a mononuclear nonheme iron and a
conserved [Fe2-S2] Rieske iron-sulfur center. These cofactors are responsible for
the activation of dioxygen, which is normally not reactive. Because of these
cofactors, the terminal dioxygenase is also sometime referred to as the iron sulfur
protein (ISP).
Ring-hydroxylating dioxygenases require NAD(P)H as an electron donor (ring
cleavage dioxygenases do not); the reducing power is passed from NAD(P)H to
the terminal dioxygenase along a short electron transport chain. During
hydroxylation, NAD(P)H is oxidized by a flavoprotein (NADH-ferredoxinNAP
reductase), transferring the electrons to FAD of the ferredoxin reductase. The
FAD then provides electrons to the iron-sulfur center of the ferredoxin, which
then transfers them to the iron-sulfur center in the active site of the terminal
dioxygenase. The terminal dioxygenase catalyzes the addition of oxygen to the
aromatic ring yielding a cis-dihydrodiol product which is then dehydrogenated by
a cis-dihydrodiol dehydrogenase. Once slightly polarized by the added hydroxyl
groups, the aromatic ring can be oxidized and cleaved by a ring cleavage
dioxygenase, either between the hydroxyl groups (intradiol cleavage, ortho
degradation pathway) or adjacent to the hydroxyl groups (extradiol cleavage,
meta degradation pathway) (Harayama et al. 1992).
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Many of the dioxygenases are able to transform a range of compounds. In
particular, naphthalene dioxygenases demonstrate activity on a wide range of
substrates (Sanseverino et al. 1993a), although shows preferential degradation of
naphthalene over other PAHs (Leblond et al. 2001). Ring-hydroxylating
dioxygenases are induced by the presence of the substrate; thus can be used as a
biomarker of potential biodegradation capabilities or exposure to bioavailable
compounds. Upon exposure to a compound, such as naphthalene, members of a
microbial community with the biochemical pathways and naphthalene
dioxygenase genes will be able to take advantage of the carbon source and
proliferate in the community. Thus, PAH degradation genotypes (i.e.
dioxygenase genes) within a community are indicative of PAH degrading
populations.
The α subunit of the terminal dioxygenase contains the active site, which includes
a number of hydrophobic amino acids and the highly conserved Rieske iron-sulfur
center, and thus conveys the substrate specificity (Parales et al. 2000). Amino
acid sequence alignments between the subunits of terminal ring hydroxylating
dioxygenases indicate that the α subunit is much more conserved between
organisms than the β subunit, though similarities between the two suggest a
common evolutionary origin (Harayama et al. 1992). Therefore, because of the
substrate specificity, researchers wishing to monitor dioxygenases in the
environment generally target the genes encoding the α subunit (e.g. nahAc in
Pseudomonas sp.) for the development of molecular tools. The characterization
and quantification of dioxygenase genes in mixed communities can provide
insight into the ecology of degradative organisms, populations, and communities.
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2.2 Genetic organization of PAH-catabolism genes
The diversity of aromatic compounds and the diversity of the organisms that can
degrade them necessarily means that PAH catabolism genes are arranged in a
variety of genomic architectures. Often PAH catabolism genes are clustered into
large operons. The genes for the multicomponent ring hydroxylating dioxygenase
are generally adjacent to each other, with genes for the α- and β- subunits,
ferredoxin and flavoprotein reductase in a single operon or gene cluster. It is not
uncommon, especially in the characterized naphthalene degrading organisms, for
the genes to be organized into two pathways: one operon will code the upper
pathway enzymes (conversion of naphthalene to salicylate), and a second operon
will code the lower pathway enzymes (salicylate to TCA cycle intermediates)
(Yen & Gunsalus 1982). In Pseudomonas, these two operons are regulated by a
trans-acting positive control regulator (NahR) (Schell 1985, Yen & Gunsalus
1985). The order of the upper pathway genes are very conserved between
Pseudomonas spp.; a similar organization is also seen in other organisms (such as
Ralstonia sp. U2) despite different gene sequences (Habe & Omori 2003).
Horizontal gene transfer has played an integral role in the acquisition and
evolution of bacterial biodegradative pathways (Tsuda et al. 1999, Top et al.
2002, Top & Springael 2003, van der Meer & Sentchilo 2003, Nojiri et al. 2004,
Springael & Top 2004, Phale et al. 2007). PAH catabolism genes have been
found on large plasmids (Sayler et al. 1990, Romine et al. 1999, Iida et al. 2002,
Basta et al. 2004, Dennis & Zylstra 2004, Dennis 2005, Habe et al. 2005, Jussila
et al. 2007), and associated with transposons and genomic islands (integrative
genetic elements) (van der Meer & Sentchilo 2003, Springael & Top 2004,
Gaillard et al. 2006). Plasmid-encoded PAH catabolism genes have been shown
to play a role in naphthalene degradation (Sanseverino et al. 1993a, Dennis &
Zylstra 2004, Li et al. 2004). These mobile elements generally range from 10 –
500 kb in size and often contain complete catabolic operons as well as transfer
17

genes (e.g. transposases). Catabolic plasmids tend to be self-transmissible broad
host range plasmids (IncP-1) (Nojiri et al. 2004). In particular, the NAH
plasmids, carrying naphthalene catabolism gene clusters, have been found in a
large number of naphthalene degrading Pseudomonas spp. Similar patterns of
gene organization between phylogenetically disparate organisms suggest common
evolutionary origins for many PAH dioxygenase genes (Goyal & Zylstra 1997,
Habe & Omori 2003). Other organisms, such as some Sphingomonas strains,
display degradation genes scattered in different gene clusters throughout the
genome, suggesting some shuffling of these genes in the past (Pinyakong et al.
2003).

2.3 Diversity of PAH dioxygenases
Figure I-3 and Figure I-4 shows the phylogenetic relationships of the large (α)
subunits of aromatic ring hydroxylating dioxygenases. These neighbor-joining
trees are based on alignments of 149 translated sequences currently in NCBI’s
GenBank. Most of these sequences are PAH dioxygenase genes, however some
other aromatic dioxygenases have also been included for comparison (e.g.
phthalate, carbazole, and benzoate dioxygenases). Phylogenetic taxonomic
affiliations of the organisms are displayed in Figure I-3, showing that the majority
of known PAH degrading organisms are γ-proteobacteria. The primary substrates
catalyzed by the enzymes are displayed in Figure I-4, showing that the majority of
known PAH dioxygenase enzymes use naphthalene and phenanthrene as a
primary substrate. As predicted, there is a much greater diversity in low
molecular weight PAH dioxygenases, which are found across phylogenetic
groups, compared with the high molecular weight dioxygenases which have
currently only been observed in gram positive organisms, particularly
Mycobacteria.
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Figure I-3. Phylogenetic relationship of α subunit of aromatic ringhydroxylating dioxygenases, showing taxonomic affiliations of the organisms.
The phylogenetic groups are γ-proteobacteria (▼), β-proteobacteria (■), αproteobacteria (♦) and Gram positive organisms (●). Branch names list gene
name, GenBank accession number and organism.
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Figure I-4. Phylogenetic relationships of the α subunit of aromatic ringhydroxylating dioxygenases, grouped by primary substrate type.
The groups are: low molecular weight PAHs (e.g. naphthalene, phenanthrene) (○),
high molecular weight PAHs (e.g. pyrene) (●), biphenyls (▼) and other aromatics
(e.g. phthalate, carbazole, benzoate etc.) (∆). Each branch lists the gene name,
GenBank accession number and organism name.
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Naphthalene dioxygenases are the best studied and comprise the most diverse
group of PAH dioxygenases. Naphthalene has a higher solubility and smaller
structure compared to other PAHs and is therefore most amenable to
biodegradation. The observed diversity in naphthalene dioxygenases compared to
other PAH dioxygenases is due to several intertwined factors: First, because of
the higher water solubility of naphthalene, it is a more bioavailable carbon source.
This means there is likely a greater diversity of microorganisms exposed to it in
the environment, providing increased selection for evolution naphthalene
degradation pathways. Second, the smaller size and reduced structural
complexity of naphthalene means that the metabolic requirements, including
number of enzymes and genes, are less than for larger PAHs. As a result,
naphthalene degradation operons are likely more easily maintained by organisms
that acquire them (via evolution or horizontal gene transfer). Third, it should be
noted that the observed diversity of naphthalene dioxygenases can also be partly
attributed to their presence in easily culturable organisms. Traditionally,
organisms such as naphthalene-degrading Pseudomonads have been successfully
isolated in liquid culture or on agar (e.g. spray plate methods). Recent evidence,
however, suggests that isolates acquired using a hydrophobic surface or biofilm
may be more representative of environmental PAH-degrading organisms
(Bastiaens et al. 2000, Stach & Burns 2002). These approaches favour the
isolation of gram positives and other organisms that have the ability to access
hydrophobic substrates such as PAHs.
Dioxygenases that have only been discovered and characterized more recently,
such as pyrene dioxygenase nidA, show much less diversity. This likely partly
attributed to methodological limitations: generally nidA sequences recovered from
the environment are done so using molecular probes based on known nidA
sequences, and will therefore be similar in sequence. There is evidence that there
is a great diversity of initial dioxygenases that has yet to be revealed (Taylor et al.
2002, Ní Chadhain et al. 2006, Gomes et al. 2007). Fortunately, the advent of
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genomic, metagenomic and proteomic approaches circumvent this problem: mass
sequencing and subsequent searching for dioxygenase motifs or activities should
continue to reveal a diversity of PAH catabolism genes not currently represented
in our cultures or sequence databases (Eyers et al. 2004, Ono et al. 2007).

2.4 Ecological insight from dioxygenase-based studies
Because of the substrate-specificity of bacterial ring hydroxylating dioxygenases,
these enzymes, and the genes encoding them, can be used to monitor the PAHdegradation capabilities of microbes and microbial communities. Indeed many
researchers have used PAH dioxygenases or dioxygenase genes to provide
functional insight into the role of both indigenous and artificial microbial
communities. Detection and/or quantification of dioxygenases (proteins, genes or
mRNA) indicate that the microbial communities are adapted to biodegradation of
those particular compounds targeted by the dioxygenases (i.e. there is, or was,
bioavailable substrate) and are an important marker of biodegradative function.
Early DNA-based studies employed DNA:DNA hybridization as a means to
detect catabolic genes and plasmids in PAH-degrading isolates and nucleic acids
(Sayler et al. 1985, Stapleton & Sayler 1998, Stapleton et al. 2000a), and could
relate PAH catabolism genotypes to activity and exposure (Sayler et al. 1985). As
molecular methods have advanced, so too has the ability to probe PAH-degrading
communities to answer questions about specific substrate pathways. Molecular
detection of catabolic genes has revealed much about the ecology of PAHdegrading organisms, and have ultimately contributed to a better understanding of
natural attenuation processes.
Probing for catabolic genes as indicators of microbial community function has
been employed in areas other than PAH degradation: For example, microbial
communities have been examined via quantification of genes for alkane
monooxygenase (Powell et al. 2006), benzylsuccinate synthase (Beller et al.
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2002), atrazine catabolic operon (Devers et al. 2004) and other degradation genes
(Watanabe & Hamamura 2003).
The vast diversity of PAH dioxygenases almost entirely precludes the use of a
single molecular probe or primer set for the detection the whole range of
dioxygenases. Estimates of diversity of dioxygenases within a community have
generally employed multiple primer sets (e.g. Baldwin et al. 2003). Ní Chadhain
et al. (2006) is one of the only to have used a single primer set that was successful
in amplifying a broad diversity of dioxygenases, albeit with a very small
amplicon: they designed a single primer set to target 78 base pairs of the
conserved Rieske motif (Ní Chadhain et al. 2006). For the most part, studies on
dioxygenase genes have targeted gene families (e.g. γ- or β-proteobacteria) in
which the PAH-dioxygenase genes are conserved enough to reliably design
molecular probes.
Naphthalene dioxygenases, particularly the NahAB dioxygenases in γproteobacteria, are arguably the best-studied class of PAH dioxygenases.
Naphthalene dioxygenases are upregulated in the presence of substrate
(naphthalene or phenanthrene) (Schell 1985, King et al. 1990, Marlowe et al.
2002) and correlate to naphthalene degradation activity (Sanseverino et al. 1993b)
making these dioxygenases a useful biomarker of naphthalene biodegradation. In
addition, correlations between naphthalene dioxygenase mRNA and DNA gene
copies show that the presence of the genes in an organism or community is
indicative of activity (Fleming et al. 1993, Sanseverino et al. 1993b).
Naphthalene dioxygenase genes, particularly Pseudomonas nahAc, have been
used extensively as a biomarker for biodegradation (Sanseverino et al. 1993b,
Langworthy et al. 1998, Stapleton & Sayler 1998, Ahn et al. 1999, Hamann et al.
1999, Wilson et al. 1999, Baldwin et al. 2003, Gomes et al. 2007).
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Dioxygenases genes have also been used to provide insight into the dynamics and
roles of other PAH-degrading organisms, such as the phenanthrene dioxygenase
phnAc from Burkholderia (Laurie & Lloyd-Jones 2000), nagAc from βproteobacteria such as Ralstonia (Dionisi et al. 2004), and pyrene dioxygenase
nidA from Mycobacterium (Margesin et al. 2003, Hall et al. 2005).
Some studies have taken into consideration the fact that PAHs are a mixed group
of chemicals, and that it is a mixed community adapted to biodegradation of these
chemicals. In order to understand the dynamics and relative roles of different
functional groups within a community in a mixed system, these studies have
targeted multiple PAH-catabolism genes (Langworthy et al. 1998, Laurie &
Lloyd-Jones 2000, Ringelberg et al. 2001, Baldwin et al. 2003). Monitoring of
multiple catabolic genes is also the basis of functional gene arrays, aimed at
profiling community shifts with hundreds (thousands) of biodegradation gene
targets (Rhee et al. 2004). A comprehensive approach involving multiple gene
targets has been employed in all four sections of this work, and has provided
valuable insight as to the relative roles of three PAH dioxygenase genotypes in
PAH-biodegrading communities.
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3. PAH-Degrading Mycobacteria
3.1 Identification of pyrene-degrading organisms – Mycobacterium
In contrast to low molecular weight PAHs such as naphthalene and phenanthrene,
high molecular weight PAHs (4 or more rings) are much more resistant to
biodegradation and thus tend to be much more recalcitrant in the environment
(Herbes & Schwall 1978, Bossert & Bartha 1986, Cerniglia 1992). This is of
concern as these larger PAHs tend to have greater toxic, mutagenic and
carcinogenic effects. The environmental recalcitrance of high molecular weight
PAHs is largely due to very low aqueous solubility (as aforementioned, solubility
decreases with increasing molecular weight) reducing the bioavailability of these
compounds.
The first organism isolated that could degrade and use pyrene as a sole carbon
source was isolated by C. Cerniglia, and belonged to the genus Mycobacterium
(Heitkamp & Cerniglia 1988, Heitkamp et al. 1988a). Formerly strain PYR-1,
now reclassified as M. vanbaalenii (Khan et al. 2002), this strain can mineralize
pyrene, fluoranthene, phenanthrene, anthracene and benzo[a]pyrene (Kelley et al.
1993, Moody et al. 2001, Moody et al. 2004). Other Mycobacterium stains have
been isolated from a variety of soils and sediments which can also use pyrene as a
sole carbon source (Table I-2). Unlike many of the opportunistic pathogenic
Mycobacteria common in the environment (Primm et al. 2004, Thorel et al. 2004),
these pyrene-degrading Mycobacteria are fast-growing and are phylogenetically
and biochemically distinct from slow-growing pathogens (Stahl & Urbance 1990,
Adekambi & Drancourt 2004). There is also evidence that genera other than
Mycobacterium can degrade pyrene, including Rhodococcus sp. (Walter et al.
1991), Burkholderia cepacia (Juhasz et al. 1997), and Stenotrophomonas
maltophilia (Juhasz et al. 2000). Stable isotope probing of pyrene degrading
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Table I-2. Pyrene degrading Mycobacterium previously isolated.
NR=Not reported.
Mycobacterium
strain
PYR-1
Mycobacterium sp.
M. flavescens
RJGII-135
CH1
LB501T
JLS, KMS, MCS
S65
PYR100, PYR11,
PYR300, PYR200,
PYR103, PYR212,
PYR210, PYR211,
PYR110, PYR102,
PYR213
PYR400
6PY-1, M.
austroafricanum
CK1, HF, HH1,
HH2, HH3, HH4,
HH5, HH6, MC,
MD, MPHC, TE,
TI, TM, TU, FLO
SNP11
40 isolates

Location

Contamination
profile
Oil

Redfish Bay, Texas
Former coal gasification
site, Illinois
Grand Calumet River,
Indiana
Former coal-gasification
site
Great Lakes
Environmental Research
Laboratories, Michigan
NR

NR
Pyrene-enriched
NR
PAHcontaminated,
pyrene-enriched
NR

Reference
(Heitkamp &
Cerniglia 1988)
(Grosser et al. 1991)
(Dean-Ross &
Cerniglia 1996)
(Schneider et al.
1996)
(Churchill et al.
1999)

Creosote

(Bastiaens et al.
2000)
(Miller et al. 2004)

Jet fuel
None

(Sho et al. 2004)
(Kim et al. 2005b)

Former coal gasification
plant site, Germany
Lake sediment, French
Alps
Mangrove sediments,
Hong Kong, China

NR

(Kim et al. 2005b)

Pyrene-enriched

(Jouanneau et al.
2005)
(Zhou et al. 2006)

Grass-land soil, France
Elizabeth River
sediments, Norfolk,
Virginia

NR
Oil; PAHenrichment

Champion International
Superfund Site, Libby,
Montana
Sept-Iles, Quebec
National Natural Park,
Schwäbische Alb,
Germany

NR
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(Pagnout et al. 2007)
(Hilyard et al. 2008)

populations has indicated that there may also be some uncultivated γ- and βproteobacteria that can degrade pyrene (Singleton et al. 2006).

3.2 Distribution and ecology
Pyrene-degrading Mycobacteria have been isolated from a variety of
contaminated and uncontaminated soils and sediments implicating a broad
distribution (Table I-2). This is consistent with observations of wide
biogeographical distributions of other aromatic-degrading organisms previously
discussed. Fast growing Mycobacteria have also been isolated or identified which
can degrade compounds than PAHs, such as toluene (Tay et al. 1998) and methyl
tert-butyl ether (MTBE) (Francois et al. 2002, Ferreira et al. 2006).
The ability of Mycobacteria to access poorly bioavailable pyrene from the
environment is enhanced by several key adaptations. First, Mycobacterial cell
walls are highly hydrophobic and undergo hydrophobicity changes in the presence
of PAHs: these properties translate to an increased affinity for PAHs which may
aid in diffusion of pyrene into the cell (Wick et al. 2002b, Wick et al. 2003,
MacLeod & Daugulis 2005). Second, studies have demonstrated that
Mycobacterium spp. form biofilms on the surface of PAHs (Wick et al. 2002a),
the attachment aided by the hydrophobic mycolic acids of the cell wall
(Bendinger et al. 1993, Bastiaens et al. 2000). Attachment to a PAH surface has
been shown to increase with decreasing aqueous solubility (Johnsen & Karlson
2004), implicating biofilm formation as a mechanism to increase bioavailability
of higher molecular weight PAHs. In addition, there is evidence that
Mycobacteria may have a selective advantage over other organisms because of
long term persistence in the environment (Tay et al. 2001).
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3.3 Pyrene dioxygenase genes: nidA and nidA3
Since the initial isolation and characterization of pyrene-degrading Mycobacteria,
the pyrene degradation pathways have been elucidated both genetically and
biochemically (Figure I-5) (Kim et al. 2007). Pyrene biodegradation in
Mycobacteria is initiated by a pyrene ring-hydroxylating dioxygenase, NidAB,
which is encoded by the genes nidA (α-subunit) and nidB (β-subunit) (Khan et al.
2001, Brezna et al. 2003, Kim et al. 2007). NidAB amino acid sequences are only
40-56% similar to PhdAB and NarAaAb from Nocardioides sp. strain KP7 and
Rhodococcus sp. strain NCIMB12038 respectively, two other PAH-degrading
gram positive organisms (Habe & Omori 2003). In the genome of
Mycobacterium, nidB is upstream of nidA, an arrangement that is unique for
dioxygenase subunit genes: in the majority of characterized PAH-degraders, the
dioxygenase genes are arranged with the large subunit gene first.
In addition to this biodegradation pathway, a secondary pyrene detoxification
pathway has been indentified, initiated by an alternate ring-hydroxylating
enzyme, NidA3B3 (Kim et al. 2007). It is up-regulated in the presence of pyrene,
and catalyzes the conversion of naphthalene, anthracene and benz[a]anthracene to
their respective cis-diols. NidA3, the α subunit, has about 52% sequence
homology to NidA, and 61.9% to a dioxygenase subunit from Nocardioides sp.
strain KP7 (Kim et al. 2006).
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Figure I-5. Pyrene degradation pathway in Mycobacterium vanbaalenii (Kim
et al. 2007).
The metabolic intermediates are: P1, pyrene cis-4,5-dihydrodiol; P2, 4,5dihydroxypyrene; P3, phenanthrene-4,5-dicarboxylate; P4, phenanthrene-4carboxylate; P5, cis-3,4-dihydroxyphenanthrene-4-carboxylate; P6, 3,4dihydroxyphenanthrene; P7, 2-hydroxy-2H-benzo[h]chromene-2-carboxylate; P8,
1-hydroxy-2-naphthaldehyde; P9, 1-hydroxy-2-naphthoate; P10, trans-2'carboxybenzalpyruvate; P11, 2-carboxylbenzaldehyde; P12, phthalate; P13,
phthalate 3,4-dihydrodiol; P14, 3,4-dihydroxyphthalate; P15, proto- catechuate;
P16, ß-carboxy-cis,cis-muconate; P17, γ-carboxymuconolactone; P18, ßketoadipate enol-lactone; P19, ß-ketoadipate; P20, ß-ketoadipyl-CoA; P21, pyrene
cis-1,2-dihydrodiol; P22, 1,2-dihydroxypyrene; P23, 1-methoxy-2hydroxypyrene; P24, 1-hydroxy-2-methoxypyrene; P25, 1,2-dimethoxypyrene.
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4. Methods in Molecular Microbial Ecology
From Winogradsky’s column and Beijerinck’s selective plating to the current
metagenomic and metaproteomic sequencing, the focus of microbial ecology has
been linking phylogenetic identities with functional roles within complex
microbial communities. The advent of molecular techniques has revolutionized
the field of microbial ecology by allowing researchers to answer questions about
microbial identities and activities in complex communities without the
prerequisite cultivation and maintenance in the laboratory. Reviewed here are a
few of the techniques pertinent to this dissertation work.

4.1 Extracting DNA from environmental samples
The advances in molecular microbial ecology were made possible by the
development of efficient methods for extracting nucleic acids from environmental
samples. As the majority of microorganisms cannot be cultured in a laboratory
setting (Torsvik et al. 1990), acquiring DNA from an environmental sample can
provide a wealth of phylogenetic and functional information in a cultureindependent manner.
Methods to extract DNA from environmental samples aim to find the appropriate
balance between being rigorous enough to lyse all organisms, while not being so
harsh that the resulting DNA is too fragmented and degraded to provide useful
information. Sediment and soil samples present additional challenges: DNA or
organisms can be sorbed to clay and organic particles and can be resistant to
separation (Ogram et al. 1988, Frostegard et al. 1999); humic acids and other
organics can be extracted along with the nucleic acids which can present problems
for downstream applications e.g. inhibition of Taq polymerase during PCR (Tsai
& Olson 1992). There are two approaches generally used when extracting DNA
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and RNA from soils and sediments: The original indirect method involved
initially separating organisms from the soil particles through fractional
centrifugation, and then lysing the cells and purifying the DNA (Torsvik 1980).
In contrast, the direct method does not attempt to first separate the organisms, but
instead subjects the whole sample to in situ lysing, then removes the soil particles
through centrifugation and purifies the DNA (Ogram et al. 1987). In general, the
direct method has been found to be more effective at retrieving DNA from a wide
variety of organisms, though it is slightly harsher and results in smaller fragments
of DNA. For this work, the FastDNA Spin Kit for Soil (Qbiogene, MP
Biomedicals, Solon, OH) was used, which follows a direct DNA isolation
method, and has previously been evaluated for extraction efficiency (Burgmann et
al. 2001, Martin-Laurent et al. 2001, Dionisi et al. 2003, Dionisi et al. 2004,
Mumy & Findlay 2004). The isolation is initiated by bead-beating the whole
sample to lyse the cells. Bead-beating has been found to be more efficient at
lysing cells than chemical lysis alone, and results in higher quality DNA than
when sonication is used (Krsek & Wellington 1999). This is followed by
removal of the sediment particles through centrifugation and column purification
of the DNA.

4.2 Real-time PCR
The development of the polymerase chain reaction (PCR) (Mullis & Faloona
1987) revolutionized molecular biology. Initially developed as a method for
producing many copies of a desired gene or DNA fragment, PCR is now also used
to determine starting quantities of a given template: quantitative PCR methods
take advantage of the exponential nature of the target gene amplification during
PCR. Real time quantitative PCR employs a detectable signal which can be
measured during each cycle as an indicator of double-stranded DNA quantity.
The increase in signal corresponds to exponential increase in template
concentration – the cycle at which this signal crosses a determined threshold (i.e.
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threshold cycle or Ct) is directly proportional to the amount of template in the
starting sample. By comparing the threshold cycle to a standard curve comprised
of known copy numbers of the template DNA, one can ascertain the number of
copies in the original sample.
There are several detection chemistries that can be used for real-time PCR. The
most inexpensive is SYBR Green I which emits fluorescence upon binding to
double stranded DNA. This approach can be used with any set of primers,
however is susceptible to inaccuracy because it will bind any nonspecific PCR
products that are formed (e.g. primer dimers). Probe-based quantitative PCR
methods, such as molecular beacons or dual labeled probes, use a probe that
anneals at a location internal to the primers and is specific to the template
sequence, provided an added level of target specificity. The basic method of
hydrolysis-based (TaqMan probe) real time PCR is displayed in Figure I-6.
Internal probes are designed with a 5’ fluorophore, e.g. FAM (6carboxyfluorescein), and a 3’ quencher dye, e.g. TAMRA (6carboxytetramethylrhodamine) which absorbs light at the same wavelength
emitted by the 5’ fluorophore. While intact, these probes do not emit light
because of fluorescence resonance energy transfer (FRET) from the 5’
flurorophore to the 3’ quencher molecule. During the annealing step of PCR, the
probes anneal to the target gene between the two primers. Typically, these
primers are designed to produce a relatively short amplicon (100-200 base pairs)
to reduce possible errors associated with longer amplicons. During elongation,
the 5’ to 3’ exonuclease activity of Taq polymerase degrades the probe, releasing
the fluorophore from proximity to the quencher, eliminating FRET, and emitting a
detectable light signal. Molecular beacons work in a similar fashion: the probes
are longer and designed to form a hairpin loop, bringing the two ends (with the
fluorophore and the quencher) into proximity. Upon denaturation and annealing
to the template, these dyes are separated, allowing a detectable light signal to be
produced (Giulietti et al. 2001).
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Figure I-6. Real-time PCR using a dual-labeled probe.

Real-time PCR data is quantitative because of the inclusion of internal standards
consisting of known concentrations of the target gene. Most often, these
standards are the target gene cloned into a plasmid, allowing for production of
large quantities of the gene and long term storage. A dilution series (e.g. 101 –
108 copies/reaction) is done alongside samples. After the PCR is complete, the
threshold is set at a fluorescence level above the background noise, but still within
the exponential amplification stage of each sample i.e. before the template
amounts (and thus fluorescence signal) starts to plateau (Figure I-7). The
threshold cycles for the internal standards are plotted to create a standard curve
against which all the samples are then compared.
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Figure I-7. An example of real time PCR data output (left) and standard
curve (right).
The threshold (dashed line) is set above background noise, within exponential
increase. The cycle at which each signal crosses the threshold is termed the
threshold cycle and is proportional to the amount of original template.

4.3 16S rDNA Methods
Historically, the microscopic size and morphological simplicity of bacteria and
archaea has meant that many of the classification approaches used on higher
organisms, for example, species concepts and morphology-based phylogenetic
assignment, had little applicability to microbial communities. Now the use of the
small subunit RNA sequence as phylogenetic marker has revolutionized how
ecologists classify organisms and rewritten the tree of life (Woese et al. 1990).
Because of their highly conserved nature, the small subunit ribosomal DNA
sequences (16S for prokaryotes and 18S for eukaryotes) have become the
standard phylogenetic marker for microorganisms. Recognized early as the way
to elucidate evolutionary relationships (Lane et al. 1985, Weisburg et al. 1991),
the current Ribosomal Database Project (RDP v.9) now contains almost half a
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million 16S ribosomal sequences (Cole et al. 2007). The molecular phylogenetic
approach has been particularly useful in microbial ecology, lending insight into
evolutionary relationships between microorganisms and providing a glimpse at
the previously underestimated vastness of microbial diversity (Pace 1997, Tiedje
et al. 1999, Curtis et al. 2002).
Ribosomes, integral to the translation of proteins in the cell, are highly conserved,
which is why the small subunit RNA has been selected as a standard phylogenetic
marker. The gene encoding the ribosomal RNA is approximately 1520
nucleotides long and contains nine hypervariable (V) regions (Neefs et al. 1993).
“Universal” PCR primers used to amplify the 16S genes target conserved regions
of the gene, and the variable regions provide taxonomic resolution between
organisms. In general, 16S amplification methods that span several of the
variable regions are able to resolve differences at a finer taxonomic level. For
applications such as real time PCR or T-RFLPs which demand shorter amplicon
lengths, selection of variable region can influence the measured genetic diversity
(Schmalenberger et al. 2001).

4.4 PCR bias
One challenge in using whole community 16S methods, such as clone libraries or
phylogenetic fingerprinting, is that most of them rely on an initial PCR step. This
step can potentially introduce biases when using mixed community DNA as a
template. These amplification biases can result in inaccurate estimation of
population abundances and can misinform estimates of diversity (Frey et al.
2006). It is important to recognize the possibility of PCR bias so that steps may
be taken to minimize it.
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Differential amplification of mixed templates has been observed, and may be due
to several phenomena. Nonspecific priming (Reysenbach et al. 1992), and PCR
drift due to random events early in PCR (Wagner et al. 1994) have been shown to
result in differential amplification. The location of the gene can also influence
PCR amplification because of interference from flanking regions (Hansen et al.
1998) or differing accessibility within the genome (Farrelly et al. 1995).
Differences in priming due to variable energies of degenerate primers based on
GC content are also purported to lead to differential amplification (Wagner et al.
1994, Polz & Cavanaugh 1998), however this was not the case for moderately
degenerate primers (1-2 degenerate sites) when tested on a model community
(Hartmann & Widmer 2008). Choice of variable regions can also lead to biased
results in mixed template amplification (Schmalenberger et al. 2001). In addition,
preferential amplification of rarer sequences can arise from faster reannealing of
predominant templates during PCR, resulting in a shift towards equal amounts of
templates in later cycles (Mathieu-Daude et al. 1996, Suzuki & Giovannoni 1996,
Kurata et al. 2004).
In addition to problems that can influence abundance ratios of templates and
result in inaccurate representations of original template proportions, there can also
be sequence artifacts introduced during amplification which may inaccurately
represent the actual sequences. For example, PCR can generate chimeric
sequences or heteroduplexes (Kopczynski et al. 1994, Wang & Wang 1997, Qiu
et al. 2001, Thompson et al. 2002, Hugenholtz & Huber 2003, Ashelford et al.
2005), make errors in nucleotide incorporation (Cariello et al. 1991, Acinas et al.
2005), and/or produce single stranded amplicons which can adversely influence
downstream applications (Egert & Friedrich 2003).
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4.5 Community fingerprinting: T-RFLPs
Sequencing 16S ribosomal genes from the environment provides valuable
information about the members of the microbial community. Microbial ecology,
however, is often interested in comparing communities, and developing clone
libraries and sequencing multiple communities can become unwieldy and
expensive using current technology. As a result, whole community phylogenetic
fingerprinting methods have been developed that take advantage of patterns
generated by differences in 16S ribosomal DNA sequences. These methods, such
as terminal restriction fragment length polymorphisms (T-RFLPs), denaturing
gradient gel electrophoresis (DGGE), automated ribosomal intergenic spacer
analysis (ARISA), amplified ribosomal DNA restriction analysis (ARDRA),
single strand conformation polymorphism (SSCP) and amplicon length
heterogeneity PCR (LH-PCR), involve analyzing the whole community in a
single sample. These approaches are inexpensive compared with sequencing
individual members of every community, allowing for a more practical approach
for comparing multiple communities. In addition, these approaches offer more
information about the structure of a community than traditional diversity
estimates (Hartmann & Widmer 2006). While each technique has its own set of
limitations and advantages, comparisons between them have indicated that there
is little difference in terms of resolving overall microbial community structure
patterns (Casamayor et al. 2002, Hartmann et al. 2005).
Terminal restriction fragment length polymorphisms (T-RFLP) is a high
throughput, high resolution, culture-independent method for comparing microbial
communities (Liu et al. 1997, Osborn et al. 2000, Marsh 2005). One of the main
advantages of T-RFLPs over other fingerprinting methods is that the data are
collected using a capillary electrophoresis instrument – this makes the technique
very repeatable, and outputs the data in digital format which is very amenable to
downstream multivariate statistical analyses.
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The basic method for T-RFLPs is diagrammed in Figure I-8, which illustrates a
simplified three-species community. Microbial community DNA is first extracted
from an environmental sample. 16S ribosomal genes are then amplified using
universal eubacterial primers, one (or both) of which are labeled with a
fluorescent dye such as carboxyfluorescein (FAM). The PCR is stopped while still
in the exponential phase (around 25 cycles) to reduce potential PCR bias:
stopping the reaction at an earlier cycle results in PCR products in proportions
which better reflect the original community (Mathieu-Daude et al. 1996, Suzuki
& Giovannoni 1996, Hartmann & Widmer 2008). The resulting pool of mixed
16S PCR products, all labeled at one (or both) ends, are then column-purified to
remove any polymerase which could continue lengthening fragments during the
digestion step (Hartmann et al. 2007). The pool of products is then subject to
restriction enzyme digestion using enzymes that are frequent cutters, typically
with four base pair recognition sites, such as Alu I and Hha I. Using a single
restriction enzyme can miss much of the diversity, therefore two (or more)
restriction enzymes are typically used in separate digests (Engebretson & Moyer
2003). Differences in 16S sequences (i.e. phylogenetically different members of
the community) mean that the restriction enzyme recognition sites will be in
different locations. The restriction digest will thus yield fragments of different
lengths. After reaction cleanup to remove restriction enzymes and inclusion of an
internal standard (known fragment sizes labeled with a different fluorescent dye,
often Carboxy-X-rhodamine (ROX)), the fragments are separated out using
capillary electrophoresis. The labeled fragments are detected and compared to
the internal standard, and size (base pairs) and abundance (peak height or area)
are reported for each fragment detected. The resulting information (number of
peaks, sizes, and abundances) can be used as a community fingerprint for
comparison purposes.
Theoretically, one can use the length of the fragment and the known primer and
restriction sequences to determine a probable phylogenetic assignment for the
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Figure I-8. Schematic illustrating the terminal restriction fragment length
polymorphism (T-RFLP) method.
This example uses a three-species community (species A, B, and C). An example
electropherogram shows the standard peaks in red and the labeled restriction
fragments in blue.
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organism represented by a given peak. Web-based phylogenetic assignment tools
for phylogenetic assignment have been developed to compare fragment sizes
against sequence databases (Marsh et al. 2000, Kent et al. 2003, Saari et al. 2007),
and these have been employed with some accuracy (Mills et al. 2003).
Practically, however, there are several issues which reduce the reliability of these
predictions. First, with T-RFLPs and other phylogenetic fingerprinting methods it
is very possible that more than one organism will have the same fragment length,
and thus a single peak may actually represent multiple organisms. Likewise, a
single fragment length may match several organisms in the database. Second,
oligonucleotide mobility in capillary electrophoresis can be influenced by
sequence composition and temperature (via creation of secondary structures)
resulting variable migration rates (Kaplan & Kitts 2003). Third, different
fluorophores can result in varied mobility: it has been shown that FAM (the
sample dye) and ROX (the internal standard dye) migrate slightly differently
(Kaplan & Kitts 2003, Marsh 2005, Pandey et al. 2007). Fourth, it is possible for
artifact peaks to be added because of undigested single stranded DNA (Egert &
Friedrich 2003) or chimeras (Qiu et al. 2001), though this was found only to a
minimal extent in T-RFLP of a model community (Hartmann & Widmer 2008).
Some of these problems associated with phylogenetic assignment have been
alleviated via inclusion of alternate approaches. For example Grant and Ogilvie
created a 16S rDNA clone library in parallel to T-RFLP profiling, then applied TRFLP to screen clone library to identify taxa associated with the major peaks in
the T-RFLP profile (Grant & Ogilvie 2004).
There also exists other biases introduced during T-RFLPs which may influence
relative abundance of ribotypes (species). PCR bias, discussed earlier, can
potentially lead to differences in amplification efficiency, although evaluation of
this with a model community could not pinpoint any of the specific reasons (i.e.
large amplicons, degenerate primers, genomic location influences, GC content or
random stochastic events) as an explanation for amplification differences in a
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model community (Hartmann & Widmer 2008). Other confounding factors may
include residual polymerase activity during restriction digest (Hartmann et al.
2007), and differences in ribosomal 16S gene copy numbers between species
(Farrelly et al. 1995). These have all been reviewed previously (von
Wintzingerode et al. 1997, Hartmann & Widmer 2008), and are important
considerations when interpreting T-RFLP data. In particular, there is a
considerable amount of debate in the literature about using T-RFLPs and other
community profiling methods to calculate diversity indices (Danovaro et al. 2006,
Fierer & Jackson 2006, Bent et al. 2007, Blackwood et al. 2007, Fierer 2007).
While these measures may provide some information about the community,
profiling methods are unlikely to give accurate diversity indices as they will
undoubtedly miss rare species, either due to lack of PCR amplification, or during
data analysis when small peaks representing rare species may be indistinguishable
from the background noise.
Despite these challenges with absolute assignment and diversity measures, TRFLPs are still very useful for microbial community comparison, and have been
found to be reliable in detection of relative changes in community structure
(Watts et al. 2001, Hartmann & Widmer 2008). T-RFLPs have been successfully
used in microbial ecology for documenting temporal and spatial shifts in
microbial community composition. For example, T-RFLPs have illustrated
spatial differences in communities between environment types (Dunbar et al.
2000, Buckley & Schmidt 2001, Moeseneder et al. 2001, Kuske et al. 2002,
LaMontagne & Holden 2003, Mummey & Stahl 2003), and changes in response
to environmental gradients or perturbations, such as redox (Braker et al. 2001),
nutrients (Kennedy et al. 2004, Eldridge et al. 2007), salinity (Casamayor et al.
2002), land use (Buckley & Schmidt 2001, Widmer et al. 2006), viruses
(Schwalbach et al. 2004) or contaminant concentrations (Cordova-Kreylos et al.
2006, Muckian et al. 2007). T-RFLPs have also revealed temporal community
shifts, for example seasonal changes (Hullar et al. 2006) or succession during
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biodegradation (Watts et al. 2001, Mills et al. 2003, Ayala-del-Rio et al. 2004,
Pesaro et al. 2004, Fedi et al. 2005). It should be noted that T-RFLPs need not be
limited to phylogenetic analysis – this method has been employed with functional
genes instead of 16S ribosomal genes (Braker et al. 2001).

4.6 Statistical analysis of community fingerprinting data
The power of T-RFLPs and other molecular fingerprinting methods to document
changes in community structure lies in the ability to apply multivariate statistical
analyses to the data generated. The data matrices resulting from these techniques
are large and multivariate clustering and ordination approaches are essential to
reducing them to interpretable patterns. T-RFLP profiles consist of fragment
sizes (ribotypes) and estimates of peak height or peak area (abundance),
comparable to species types and counts used in macroecological community
studies. Data is first standardized for comparison, then clustering and ordination
techniques can then be used to determine communities that are more or less
similar.
Prior to standardization, replicate profiles are aligned and any peaks not occurring
in all three are removed. This ensures that spurious PCR products are not
included in the analysis. Standardization of T-RFLP data is then necessary to
adjust for differences in amount of DNA loaded onto each capillary. There are
several approaches: Fluorescence standardization involves summing the total
fluorescence (either peak height or peak area) as a proxy for total DNA loaded.
Peak heights in replicate profiles are then proportionally reduced so that all have
the same total fluorescence (Dunbar et al. 2001). For example, if the total
fluorescence for replicates A, B, and C was 10000, 8000 and 12000, all of the
peak heights in A would be multiplied by 0.8, and all of the heights in C by 0.67,
so that all three profiles sum to 8000. If this standardization results in peaks
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dropping below a predetermined noise threshold (20-25 fluorescence units), those
peaks are removed. In contrast, peak height standardization uses the same
number of most abundant peaks in each profile: the number of peaks in the profile
with the fewest peaks is used as the standard, and all other profiles are reduced to
that number (Kuske et al. 2002). For example, if the profile that has the fewest
peaks has 100 peaks, for all of the other profiles, the 100 most abundant peaks are
selected for analysis and the rest removed. These standardization methods
inevitably result in rare phylotypes dropping out and therefore represent a
conservative approach: they are based on the assumption that similar communities
will have the same dominant phylotypes. The presence or absence of a few rare
phylotypes should have limited impact on overall community similarity and
dissimilarity analyses. Once standardized, replicate profiles are averaged, and
data is put into a matrix where each row is a sample and each column is a ribotype
(terminal restriction fragment). Peaks are considered the same ribotype if they are
within 0.5 base pairs. This matrix can then be used as input for clustering and
ordination statistics.
Hierarchical clustering measures are a means of arranging communities based on
their differences to other communities, based on a calculated distance measure.
Data are first transformed to similarity measure, such as Jaccard distances, which
are based on presence or absence of ribotypes (“species”), where a sample is
given a value of 1 for ribotypes present, and 0 for those that are not. Others take
into account differences in abundances, using either peak height or peak area as
an indication of quantity of a particular ribotype, and factors that into the
calculation of distance. The data is then clustered in an agglomerative
hierarchical fashion, that is, nested groupings are made based on linkage rules
from most to least similarity. The clusters are typically visualized using a
dendogram (horizontal tree). T-RFLP data has been previously analyzed using
clustering based Jaccard distances (Dunbar et al. 2001, Kuske et al. 2002),
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however these approaches are limited in that they are primarily exploratory, not
hypothesis-driven (Ramette 2007).
There are a variety of more informative ordination techniques commonly used in
analyzing community fingerprinting data. Linear approaches include principle
components analysis (PCA) (unconstrained) and redundancy analysis (RDA)
(constrained). Unimodal approaches include correspondence analysis (CA)
(unconstrained) and canonical correspondence analysis (CCA) (constrained). It
should also be noted that there are also some techniques which make no
assumptions regarding linear or unimodal distributions, such as nonmetric
multidimensional scaling (NMDS).
Linear ordination approaches, such as PCA and RDA, are based on the
assumption that a species’ abundance will change linearly along an environmental
gradient, and ordination in multivariate space is based on Euclidean distances
between samples. PCA is unconstrained and therefore an exploratory approach:
the axes are synthesized to maximize variance explanation, and thus any inference
to environmental gradients is done post hoc (indirect gradient analysis). PCA is
commonly used to analyze T-RFLP data, however may not always be the most
informative or appropriate technique, especially in the context of large
environmental gradients (Ramette 2007).
In contrast to linear methods, unimodal ordination techniques, such as CA and
CCA, assume an underlying unimodal abundance distribution along a gradient,
that is, that species have optima within the environmental gradient and abundance
decreases on either side. This is the distribution predicted by niche theory, and
may be more ecologically relevant than a linear model. It is a fair assumption for
microbial communities at PAH-contaminated sites; studies have indicated that
microbial diversity tends to be highest at intermediate levels of contamination
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(Langworthy et al. 2002, Andreoni et al. 2004), suggesting that individual species
most likely have an optimum along a contamination gradient.
Canonical correspondence analysis (CCA) is the constrained version of CA: it is
based on a unimodal model of species distribution, however the determination of
axes is based on a linear combination of environmental parameters (constrained,
or direct gradient analysis) (ter Braak 1986). CCA is based on χ2 distances, and
maximizes the correspondence between the species and the environmental
parameters. As such, this technique is not simply exploratory but hypothesisdriven, and is particularly useful for analyzing community differences in
relationship to environmental factors (Palmer 1993). Unimodal ordination has
the added advantage that it necessarily standardizes the samples to model relative
abundances – this is good for T-RFLPs which are susceptible to variations based
on DNA extraction efficiency, loading etc. In addition, unimodal models are
more accurate than linear estimates for datasets with many zeros (Ramette 2007).
Because of the ecologically-relevant unimodal distribution, and the constrained
approach allowing for comparisons with environmental data, CCA has been
frequently used in the interpretation of T-RFLP, DGGE and other fingerprinting
data (Salles et al. 2004, Yannarell & Triplett 2005, Cordova-Kreylos et al. 2006,
Gleeson et al. 2006, Klaus et al. 2007, Muckian et al. 2007, Sapp et al. 2007).
Another advantage of constrained ordinations such as CCA is that significance
testing of the relationship between species and the environmental parameters is
possible; the null hypothesis being that the species distributions (response) are
independent of the environmental parameters. The statistical significance of the
relationship between species distributions and environmental parameters may be
tested using Monte Carlo permutation tests, a resampling method which randomly
shuffles (permutes) the data set, recalculating the test statistic for each
permutation. If the null hypothesis of no relationship is true, then there should be
little change in the test statistic; the shuffled datasets should give the same results
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as the original. The p value is estimated based on the percentage of permutations
resulting in a test statistic equal to or higher than the original dataset. That is, for
a significance level of α = 0.05, the test statistic calculated for the original data is
considered significant if it is greater than 95% of the values generated for
reshuffled data. Resampling techniques, such as permuation, bootstrap or
jackknife testing, are advantagous in that they are nonparametic approaches which
do not require comparison to theoretical probability distributions (Lepš &
Šmilauer 2003, Shaw 2003).
Nonmetric multidimensional scaling (NMDS) is another unconstrained ordination
technique. NMDS uses ranked Bray-Curtis similarity measures between samples,
and is thus well suited to cases where the dataset is not multivariate normal (Shaw
2003). Unlike linear and unimodal ordination models like PCA and CCA, no
assumptions are made about the relationships between variables. This has an
advantage when the environment is fragmented and does not present a continuous
gradient (Ramette 2007). It is one of the simplest representations of distances
(dissimilarities) between communities, and has been used for the analysis of TRFLP data (Casamayor et al. 2002, Hullar et al. 2006, Mannisto et al. 2007).
NMDS iteratively optimizes goodness of fit by maximizing the correlation
between Bray-Curtis scores and distance in ordination space (reduces stress)
(Kruskal 1964). It is different from other ordination techniques in that the number
of axes is user-selected, and ordination changes based on the subjective choice of
number of axes. In addition, the first axis is not necessarily more important than
the others, as it is with other ordination techniques. Like other unconstrained
methods, NMDS is an exploratory technique, but can provide valuable insight
into community similarities.
Ordination plots are useful in reducing complex datasets down so that groups of
similar communities are more easily visualized. These groups can also, however,
be statistically compared using procedures such as ANOSIM. ANOSIM is a
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nonparametric technique analogous to a univariate ANOVA that compares
predetermined groups of samples (e.g. treatment, date, site) to determine if there
is a significant difference between their ranked distances (Clarke 1993, Clarke &
Gorley 2006). ANOSIM has been used in conjunction with community profiling
techniques including T-RFLPs (Bisson et al. 2007, Kent et al. 2007, Nelson &
Mele 2007).
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5. General Objectives and Hypotheses
Microbial metabolism of PAHs is the primary degradation fate of these persistent
environmental contaminants. Despite a large body of research, there are still
many questions that demand further investigation. The disconnect between
laboratory and field studies has long been recognized, however accurate
measurements of in situ activity has been largely dependent on the development
of sensitive tools and techniques for probing communities in a cultureindependent manner. This has left researchers with a less than complete picture
of the evolution and dynamics of indigenous microbial communities which are
responsible for natural attenuation of contaminants, and has resulted in many
failed attempts at mimicking these processes for the purpose of bioremediation.
Fortunately, advances in molecular approaches in microbial ecology has allowed
researchers to better answer some of the questions regarding the roles and
dynamics of particular populations and genotypes within a community. This
dissertation focuses on pyrene-degrading Mycobacteria, a recently characterized
group of organisms which have the potential for significant contributions to
attenuation of high molecular weight PAHs from the environment. Despite the
isolation of many strains within this group, there are still unanswered questions
regarding their biogeographical distribution, evolution of PAH catabolism, and
their dynamics with respect to other PAH degrading organisms.
The four following chapters present studies that are united by several overarching
objectives:


To determine the presence and role of pyrene-degrading Mycobacteria in
contaminated sediments and to compare populations to other PAHdegradation genotypes, namely naphthalene dioxygenase genes nahAc and
nagAc
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To determine the distribution of these genotypes in the environment
through examination across different contaminated sites (Chattanooga
Creek and Lake Erie) and across different environments within a site
(sediment and suspended particles in the water column)



To provide a link between the functional pyrene dioxygenase gene nidA
and the phylogenetic identity of the organisms that carry this genotype
through isolation and molecular characterization of pyrene-degrading
organisms from both Chattanooga Creek and Lake Erie

The first study (Part II) tested the specific hypothesis that fast-growing
Mycobacterium nidA genes are enriched in the coal-tar contaminated sediments of
Chattanooga Creek. This study is the first to quantitatively measure copies of this
gene and relate the abundances to biodegradation parameters.
The second study (Part III) addressed the general hypothesis that particleassociated bacterial communities are contributing to natural attenuation of PAHs
from Chattanooga Creek. Specifically, it was hypothesized that these
communities exhibit PAH biodegradation (both actual and genotypic potential)
and are functionally and structurally (phylogenetically) different from sediment
communities at the site.
Part IV presents the third study, which addressed the general observation that
biodegradative organisms tend to have broad geographical distributions (the
“everything is everywhere” hypothesis). It specifically tested the hypothesis that
pyrene degrading organisms (Mycobacterium sp.) can be isolated from different
locations, namely Chattanooga Creek and Lake Erie, and that the pyrene
dioxygenase nidA genotype can be found in these isolates.
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The final study (Part V) continues on the theme of determining geographical
distributions, and tested the hypothesis that biodegradative genotypes (specifically
nidA) are prevalent in Lake Erie sediments.

51

6. Study Areas
6.1 Chattanooga Creek
Chattanooga Creek runs through the south part of Chattanooga, Tennessee, USA,
originating in Georgia and emptying into the Tennessee River. This area of
Chattanooga is a mix of industry and lower income residential areas. Industrial
activity in the area has rendered Chattanooga Creek contaminated with mixed
organics and metals. In particular, the Tennessee Products coal carbonization
(coking) plant, in operation from 1918 – 1987 deposited large volumes of waste
coal tar into the creek and floodplain (Vulava et al. 2007). Because of its
viscosity and hydrophobicity, coal tar is an especially recalcitrant sediment
contaminant. In 1995, the extent of contamination was federally recognized and
the former Tennessee Products site and a 4 km portion of the Chattanooga Creek
were placed on the National Priorities List. A community-based initiative from
local residents resulted in emergency clean up action: Three years later, a 1.6 km
section of the Creek was dredged to the bedrock, and approximately 20,000 tons
of coal tar -contaminated sediments removed. Despite this remediation effort,
concentrations of PAHs in both the remediated and remaining section of the
Superfund site remain high (Dionisi et al. 2004, DeBruyn et al. 2007). In
addition, measurement of PAHs in the floodplain soils indicated that
contaminated sediments are being moved and redistributed around the creek and
floodplain (Dickerson 2005).
Three sampling sites were selected for sampling sediments along Chattanooga
Creek (Figure II-1). Site W, next to the Wilson Road bridge, is upstream of the
Superfund Site and represents the background or control site. Site DO is the
section of creek that was excavated in 1998, and is located at the end of an access
road originating at the end of E41st Street. Site CF is in the lower section of the
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creek – this area was excavated in 2006-2007, however all sampling was
completed prior to this and thus represents an unremediated, contaminated
sampling site. CF is located at the back of the property of Crabtree Farms,
located at the end of E30th Street. These three sites present a gradient of
contamination levels (and PAH concentrations) from low to high moving
downstream (i.e. W < DO < CF).

6.2 Lake Erie
Lake Erie, the smallest and shallowest of the Laurentian Great Lakes, is also the
most highly impacted. In addition to agricultural uses, 17 major urban areas
(approximately 33 million people) are also within the Lake Erie basin. Many of
these sites are historic and current locations of heavy industry, including Detroit,
MI, Toledo, OH, Cleveland, OH, and Buffalo, NY. In the 1950s and 1960s,
increased fertilizer use in agriculture, combined with human waste and detergent
runoff from cities culminated in severe eutrophication of the lake. Lake Erie’s
problems were not limited to biological production – in the early 20th century,
polychlorinated biphenyls (PCBs) and dichloro-diphenyl-trichloroethane (DDT)
came into usage and found their way into Lake Erie sediments, often via
tributaries such as the Detroit, Maumee, and Cuyahoga Rivers, which run through
Detroit, Toledo and Cleveland, respectively. The Great Lakes Water Quality
Agreement signed by the United States and Canada in 1972 served to reduce the
phosphorus inputs and thus the eutrophication problems.
As a result of heavy industry surrounding Lake Erie, the sediments of the lake
have been found to contain a mixture of organic contaminants, such as PAHs
(Eadie 1984). These are entering Lake Erie via a combination of fluvial and
atmospheric deposition from nearby industry, which includes coking coal plants
in Detroit and Windsor which support the area’s steel mills. Isotopic patterns of
PAHs confirm that the majority of these contaminants enter the lake fluvially and
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are transported around the lake via circulation patterns (Smirnov et al. 1998).
Total PAH concentrations (i.e. the sum of 16 priority PAHs) around the lake
range from 0.2 – 5.3 mg/kg sediments, with highest concentrations observed near
the major cities and tributaries (Detroit, Toledo, Cleveland, Buffalo) and the
lowest concentrations along the northern shore, where land use is primarily
agriculture and few major tributaries run (Smirnov et al. 1998). Secondary
sources of PAHs include deposition of contaminated dust and precipitation
(Cortes et al. 2000, Buckley et al. 2004, Sun et al. 2006).
PAHs can be toxic to higher organisms, and there is evidence that PAHs in Lake
Erie are moving into the food chain. Benthic invertebrates , including
oligochaetes, chironomids, dreissenid mussels, amphipods and crayfish , have
been found to contain PAHs (Gewurtz et al. 2000, Marvin et al. 2000, Gewurtz et
al. 2003, Pickard et al. 2006) indicating that these contaminants are bioavailable
in the sediments and are likely to be transferred to higher trophic levels (Gewurtz
et al. 2000). Metabolites of PAHs have been measured in fish in Lake Erie and
its tributaries, with concentrations of metabolites correlating to PAH
concentrations in the sediments, indicating that these contaminants are reaching
and impacting higher trophic levels (Metcalfe et al. 1997, Baumann 1998, Yang
& Baumann 2006).
Despite the knowledge of the presence of PAHs and their toxicological impacts,
very little work has been done to determine the biodegradative capabilities of the
indigenous microbial populations which may be contributing to natural
attenuation in Lake Erie. Sediment microbial communities have demonstrated
the potential for monoaromatic and PCB degradation (Myers et al. 1994, Hoostal
et al. 2002), suggesting they may also be adapted to PAH degradation. PAHdegrading microorganisms have been isolated from Detroit River sediments
(McNally et al. 1998), however have not been characterized either taxonomically
or in terms of functional genotypes.
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Lake Erie is undeniably a valuable freshwater resource that demands careful
management and scientifically-informed policy making. Considering the integral
role of microorganisms in carbon and nutrient cycling in most environments, it is
surprising that our understading of indigenous Lake Erie microbial communities
is lacking. Bacterioplankton communities in the water column of Lake Erie have
been examined in terms of their role in nutrient and carbon cycling (Hwang &
Heath 1997, DeBruyn et al. 2004, Lavrentyev et al. 2004, Gouvea et al. 2006),
trace metal scavenging (Twiss & Campbell 1998), seasonal hypoxia (Wilhelm et
al. 2006), and harmful algal blooms (Ouellette et al. 2006). Less work has been
done on the sediment communities: the functional dynamics of sediment bacteria
as it relates to DOM cycling (Hoostal & Bouzat 2008), and interactions with
Dreissena mussels (Frischer et al. 2000, Lohner et al. 2007) have been examined
previously.
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Part II.
Comparative quantitative prevalence of Mycobacteria
and functionally abundant nidA, nahAc and nagAc
dioxygenase genes in coal tar contaminated sediments

This section is a lightly revised version of a paper published in the journal
Environmental Science & Technology:
DeBruyn JM, Chewning CS, Sayler GS (2007) Comparative quantitative
prevalence of Mycobacteria and functionally abundant nidA, nahAc, and nagAc
dioxygenase genes in coal tar contaminated sediments. Environmental Science &
Technology 41:5426-5432
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1. Abstract
The Chattanooga Creek Superfund site is heavily contaminated with metals,
pesticides, and coal tar with sediments exhibiting high concentrations of
polycyclic aromatic hydrocarbons (PAHs). High molecular weight PAHs are of
concern because of their toxicity and recalcitrance in the environment; as such
there is great interest in microbes, such as fast-growing Mycobacterium spp.,
capable of degradation of these compounds. Real-time quantitative PCR assays
were developed targeting multiple dioxygenase genes to assess the ecology and
functional diversity of PAH-degrading communities. These assays target the
Mycobacterium nidA, β-proteobacteria nagAc, and γ-proteobacteria nahAc with
the specific goal of testing the hypothesis that Mycobacteria catabolic genes are
enriched and may be functionally associated with high molecular weight PAH
biodegradation in Chattanooga Creek. Dioxygenase gene abundances were
quantitatively compared to naphthalene and pyrene mineralization, and temporal
and spatial PAH concentrations. nidA abundances ranged from 5.69 x 104 - 4.92
x 106 copies per gram sediment; nagAc from 2.42 x 103 – 1.21 x 107 and nahAc
from below detection to 4.01 x 106 copies per gram sediment. There was a
significantly greater abundance of nidA and nagAc at sites with the greatest
concentrations of PAHs. In addition, nidA and nagAc were significantly
positively correlated (r = 0.76), indicating a coexistence of organisms carrying
these genes. A positive relationship was also observed between nidA and nagAc
and pyrene mineralization indicating that these genes serve as biomarkers for
pyrene degradation. A 16S rDNA clone library of fast-growing Mycobacteria
indicated that the population is very diverse and likely plays an important role in
attenuation of high molecular weight PAHs from Chattanooga Creek.
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2. Introduction
Microbial biodegradation is the primary degradation fate pathway for polycyclic
aromatic hydrocarbons (PAHs) in soils and sediments. PAHs are toxic,
mutagenic, carcinogenic and have been associated with inflammatory vascular
responses (Kim et al. 2005a). Many studies focus on aerobic dioxygenasemediated degradation of lower molecular weight PAHs, such as naphthalene and
phenanthrene, which are more soluble, and thus more easily biodegraded. More
recently, Mycobacterium capable of using high molecular weight (HMW) PAHs
(e.g. pyrene and fluoranthene) as a sole carbon source have been isolated
(Heitkamp & Cerniglia 1988, Heitkamp et al. 1988b). These PAH-degrading
Mycobacteria are fast-growers, a distinct biochemical and phylogenetic
taxonomic division within the genus (Stahl & Urbance 1990). Their ability to
degrade HMW PAHs is partially due to the highly hydrophobic mycobacterial
cell wall (Wick et al. 2003, MacLeod & Daugulis 2005) suggesting a selective
advantage in obtaining PAHs from the environment. Mycobacterium spp. have
been isolated and characterized from PAH-contaminated environments (Heitkamp
& Cerniglia 1988, Schneider et al. 1996, Churchill et al. 1999, Bastiaens et al.
2000, Dean-Ross et al. 2002, Miller et al. 2004, Kim et al. 2005b) and in vivo
biochemical pathways of pyrene degradation have been identified (Liang et al.
2006, Kim et al. 2007). The genes encoding the large (α) and small (β) subunits
(nidA and nidB) of the Rieske-type dioxygenase responsible for initial pyrene
dihydroxylation have been sequenced in several strains (Brezna et al. 2003).
Recent advances in molecular microbial ecology have allowed for broader
analysis of biodegradative organisms in the environment. Molecular methods
targeting 16S ribosomal (rDNA) genes have been effective in resolving
phylogenetic diversity in PAH-degrading Mycobacterium populations (Cheung &
Kinkle 2001, Leys et al. 2005b). However, 16S methods make no inference as to
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the function of these communities. Identification and quantification of catabolic
genes is one way to functionally characterize microbial communities. In PAHcontaminated sites, previous studies have revealed an enrichment of PAHcatabolism genes, specifically naphthalene dioxygenases. For example, γproteobacteria naphthalene dioxygenase genes (nahAc) have been related to
naphthalene concentrations and/or naphthalene mineralization rates in the
environment (Fleming et al. 1993, Sanseverino et al. 1993b, Langworthy et al.
1998). Dionisi et al. (Dionisi et al. 2004) found a positive correlation between βproteobacteria naphthalene dioxygenase genes (nagAc) and naphthalene
concentrations in Chattanooga Creek sediments. Quantification of catabolic genes
can provide insight into the role of particular groups of bacteria in natural
attenuation of PAHs.
The Chattanooga Creek Superfund Site (Chattanooga, TN, USA) was placed on
the National Priorities list in 1995 due to mixed priority pollutants and heavy coal
tar contamination; predominantly from a nearby coking coal plant (Vulava et al.
2007). This contamination has resulted in high concentrations of PAHs in the
sediments (Dionisi et al. 2004). HMW PAHs are of particular concern because of
their toxicity, carcinogenicity and recalcitrance due to low solubility, high
thermodynamic stability and slow microbial degradation (Cerniglia 1992). Tarrich sediments were excavated from a section of Chattanooga Creek in 1998,
however despite these remediation efforts PAH concentrations have remained
high (Dionisi et al. 2004). In addition, measurable concentrations of PAHs on the
floodplain indicate that there is likely frequent redeposition of contaminated
sediments during flood events (Dickerson 2005, Vulava et al. 2007). The
unsuccessful physical remediation and dynamic nature of this system indicates
that further understanding of natural attenuation of PAHs by microorganisms is
still needed.
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To test the hypothesis that fast-growing Mycobacterium nidA genes are enriched
in contaminated sediments and are functionally associated with HMW PAH
degradation in Chattanooga Creek, a quantitative real-time PCR assay was
designed to quantify pyrene dioxygenase gene (nidA) abundance in indigenous
microbial communities. While primers have been designed to detect this gene in
isolates (Miller et al. 2004) and in soil (Hall et al. 2005), this study is the first to
quantitatively measure copies of nidA and relate catabolic gene frequency to other
parameters (such as mineralization rates and PAH concentrations) in order to
evaluate this target as a biomarker of biodegradation. In addition, a
Mycobacterial 16S clone library has been developed to assess the diversity of
Mycobacteria indigenous to this contaminated site. 16S rDNA genes have been a
target for other studies of fast-growing Mycobacterium (Cheung & Kinkle 2001,
Leys et al. 2005b); this study presents the first Mycobacterium clone library from
the Chattanooga Creek Superfund Site.
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3. Methods
3.1 Sampling
Sediment samples were collected from Chattanooga Creek, a shallow, lotic
system in October 2004, and April, July, and October 2005. Samples were
collected from a site upstream of the Superfund Site (W), from a section that was
excavated in 1998 (DO), and from an unremediated, highly contaminated site
(CF) (Figure II-1) (corresponding to sites 1, 4, and 6, respectively, from Dionisi et
al. 2004). The control site (W) is upstream of the highly contaminated area,
however still exhibits low levels of contamination due to heavy industry and
traffic in the area. At all sites, surface sediments were fine sand, with no visible
coal tar (unlike deeper sediments). Triplicate sediment samples were taken from
the top 5-10 (aerobic zone), stored in Whirlpak bags, and either frozen
immediately on dry ice for DNA extraction or kept at ambient temperature for
mineralization assays.

3.2 PAH quantification
PAHs were extracted according to EPA method 3546 using the Microwave
Automated Reaction System from CEM (Matthews, NC). Briefly, 10 g sediment
were combined with Base/Neutral Surrogate Standard (UltraScientific, North
Kingstown, RI) and 5 g Na2SO4. Samples were ground to < 1 mm particle sizes,
extracted twice in GreenChem vessels with 25 ml of a 1:1 hexanes:acetone
mixture (HPLC grade, Fisher Scientific, Pittsburg, PA) according to
manufacturer’s protocol (100°C for at least 20 minutes). The solvent was
concentrated and run on Hewlett-Packard gas chromatograph (model 6890)
equipped with a mass-selective detector (model 5973) and Hewlett-Packard
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Figure II-1. Map of sampling locations on Chattanooga Creek.
The Tennessee River is pictured in the top left hand corner; the TennesseeGeoergia border is along the bottom. Zone I is upstream of point sources of
contamination (sources include the Tennessee products coking coal carbonization
facility, in operation from 1918-1987). Zone II sediments were excavated in
1998; Zone III is currently being excavated (2006-2007).
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autosampler complying with Environmental Protection Agency (EPA) standard
method 8270D. Sediment dry weight was determined following baking of 5 g of
wet soil at >80°C for at least 48 hours.

3.3 Mineralization Assays
To determine mineralization rates, three vials (and one killed control) were used
for each sample containing 2 g sediment slurried with 1 ml dH2O in a 40 ml EPA
vial with a septum. As a positive control, a 1 ml overnight culture of
Mycobacterium flavescens (ATCC 700033) (pyrene) or Pseudomonas fluorescens
HK44 (naphthalene) were used in place of sediment. One ml 2N H2SO4 was
added to each killed control; an 8 ml vial with 0.5 ml 0.5N NaOH was placed in
each to serve as a CO2 trap. Either 400,000 dpm naphthalene-1-14C (31.3
mCi/mmol, Sigma, St. Louis, MO) or 200,000 dpm pyrene-4,5,9,10-14C (55
mCi/mmol, Sigma, St. Louis, MO) dissolved in acetone were added to each.
Vials were dark-incubated at room temperature with shaking for 40 hours. The
NaOH was mixed with water and ReadySafe liquid scintillation cocktail
(Beckman Coulter, Fullerton, CA) and assayed on a Packard TriCarb 2900TR
Liquid Scintillation Analyzer (PerkinElmer, Downers Grove, IL).

14

C efficiencies

(0-156 keV) ranged from 94.37 to 96.18.

3.4 DNA Extraction and Real-time PCR
Total DNA was purified in triplicate from sediment samples using the FastDNA
SPIN kit for soil (Qbiogene, Morgan Irvine, CA) with minor modifications as
described previously (Dionisi et al. 2004). Primer and probe sets for quantifying
dioxygenase genes targeted genes encoding the large (α) dioxygenase subunit
(nidA, nagAc, and nahAc). For the nidA TaqMan® probe quantitative PCR assay,
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primers and probes target conserved regions determined from a multiple
alignment of nidA from several PAH-degrading Mycobacterium: M. flavescens
(AF548343), M. fredrickbergense (AF548345), M. gilvum (AF548347), and M.
sp. strains PYR-1 (AF249301), 6PYR (AJ494745), JLS (AY330098), KMS
(AY330100), MCS (AY33010), and MHP-1 (AB179737). The TaqMan® probe
(5’-FAM-TCCTACCCGTCGCCGGTACA-BHQ1) contained several base pair
differences to closely related Rhodococcus sp. NCIMB narA (AF082663) gene.
Forward and reverse primer sequences were 5’TTCCCGAGTACGAGGGATAC, and 5’-TCACGTTGATGAACGACAAA,
respectively. The real-time PCR reactions used QuantiTect Probe PCR Master
Mix (Qiagen, Valencia, CA) and were performed on an MJ Opticon thermocycler
(Bio-Rad, Hercules, CA) using the following protocol: 50°C for 2 minutes, 95°C
for 15 minutes, then 40 cycles of denaturing at 94°C for 15 seconds and annealing
at 56°C for 30 seconds. nidA from Mycobacterium flavescens (ATCC 700033)
cloned into TOPO-TA-PCR4.1 (Invitrogen, Carlsbad, CA) vector was used to
create an internal eight-point standard curve ranging from 101 to 108 gene copies
per reaction. To ensure specificity of the assay, PCR products were cloned.
Twenty clones were sequenced using M13 reverse primer on an ABI3100 genetic
analyzer (Applied Biosystems, Foster City, CA) at the Molecular Biology
Resource Facility, University of Tennessee (Knoxville, TN).
A TaqMan® probe quantitative PCR assay targeting conserved regions of nahAc
genes encoding naphthalene dioxygenase in γ-proteobacteria was also developed.
Eighteen Pseudomonas were used to design degenerate primers and probe,
including, P. stutzeri (AF306425), P. balearica (AF306428), P. fluorescens
(AY125981), P. putida strains (AF306430, AF306441, AF306439), and related
Pseudomonas sp. Forward and reverse primer sequences were 5’CAGAGCGTYCCRTTYGAAAA and 5’-TCGAAGCAACCRTARATGAA,
respectively. The TaqMan® probe sequence was 5’-FAMTGGGGTTGAAAGAAGTCGCTCG-BHQ1. Real-time PCR assays were
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performed as described above, using an annealing temperature of 52°C, and
cloned nahA from Pseudomonas putida G7 as the internal standard. Copies of
nagAc-like genes in β-proteobacteria as well as universal 16S rDNA genes were
quantified as previously described (Harms et al. 2003, Dionisi et al. 2004).
Statistical comparisons of gene abundance were done in NCSS (Number Cruncher
Statistical Systems, Kaysville, UT) using a nonparametric one-way ANOVA on
the ranked data, and Kruskal-Wallis Multiple Comparison Z-test with Bonferroni
adjustment. Comparisons were made between sites (W, DO, CF) and between
sampling dates; ANOVA results with p < 0.01 were considered statistically
significant.

3.5 Mycobacterium 16S clone library
Primers designed by Leys et al. (Leys et al. 2005b) to target an approximately 530
bp region of the 16S ribosomal gene in fast-growing Mycobacterium
(corresponding to positions 66 and 600 in Escherichia coli) were used to create a
clone library using DNA extracted from site DO. A touchdown PCR protocol
was used (95°C for 10 minutes, then 20 cycles of denaturing at 95°C for 30s,
annealing at 55°C - 1°C/cycle for 30s and extension 72°C for 30s, followed by 10
cycles with an annealing step at 45°C, and a final extension of 72°C for 10
minutes). PCR products were cloned into a TOPO-TA-PCR4.1 vector
(Invitrogen, Carlsbad, CA). Sequencing was done as described above.
Alignments and phylogenetic trees were done using MEGA (Molecular
Evolutionary Genetics Analysis) software version 3.1
(http://www.megasoftware.net/). Sequences were deposited in the NCBI GenBank,
accession numbers EF438310-EF438383.
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4. Results
4.1 Optimization and specificity of the nidA real time PCR assay
Initially, PCR was performed with a gradient of annealing temperatures to
determine optimal temperature (59ºC); and different concentrations of primers
and probe were combined to determine the optimal combination of 300 nM probe
and 600 nM each primer per reaction (data not shown). For both cloned nidA and
total sediment DNA extracted, the assay yielded an expected linear response in
threshold cycle between 1 ng and 100 ng per reaction, indicating no PCR
inhibition (Figure II-2).
To ensure specificity of the nidA real-time PCR assay, 20 cloned products were
sequenced, all showing 99 – 100% similarity with PAH-degrading
Mycobacterium sp. nidA genes (data not shown). This is expected as this assay
targets a conserved region of nidA, and this gene is highly homologous between
species (Miller et al. 2004).
4.2 Quantification of nidA, nagAc and nahAc in sediments of Chattanooga Creek
16S rDNA genes were quantified in all samples as a proxy for bacterial biomass
(Harms et al. 2003). In October 2004 and July and October 2005, abundance of
16S rDNA copies (biomass) ranged from 2.64 x 108 - 3.70 x 109 copies per gram
dry weight sediment (Figure II-3). In April, there was approximately an order of
magnitude more biomass, ranging from 1.72 x 109 - 9.67 x 109 copies per gram
sediment. A nonparametric one-way ANOVA indicated that there was no
significant biomass difference between the three sampling sites, confirming that
differences in dioxygenase gene abundance between sites were not simply due to
differences in biomass.
66

50
M. flavescens (ATCC 700033) nidA (cloned)
2
y = 13.098 - 2.148x (r = 0.966)
Total DNA from contaminated sediments (DO)
2
y = 34.444 - 2.101x (r =0.844)
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Figure II-2. Threshold cycles (CT) over a range of template concentrtations
for both cloned nidA (◊) and environmental samples (■).
Error bars represent the standard deviation of triplicate PCRs.
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Gene copies / g sediment (dry weight)

1010 Oct 2004
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Apr 2005

1010 Jul 2005
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106
105
104
103
102
101

Oct 2005
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DO
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nidA
nagAc
nahAc

W

DO

CF

Site

Figure II-3. Quantities of 16S (black), nidA (white), nagAc (hatched) and
nahAc (grey) at the three sites for each sampling date.
Bars are means of triplicate PCR on triplicate DNA extractions from triplicate
sediment samples taken at each site. Error bars are ± standard deviation (n = 27).
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Between sampling sites there was a significant difference in quantities of nidA
and nagAc: both exhibited significantly lower copies at site W. In addition, there
were no significant differences in quantities of nidA or nagAc between dates at
site W. These observations are consistent with the fact that site W has not
experienced the historical contamination and typically exhibits lower
concentrations of PAHs than site DO and CF. nidA copies were not significantly
different between DO and CF, and nagAc copies were highest at DO. These
patterns are also observed in Figure II-4, which shows quantities of each gene by
sampling event. nahAc abundances were quite variable: Quantities varied about
three orders of magnitude between October 2004 and October 2005, and in some
cases, quantities were below the detection limit of the assay (>100 copies/g
sediment). This observation is in contrast to nidA and nagAc, which were
detected in all samples.
Across sampling dates there was not as clear of a pattern. There were significant
differences in copies of nidA: greatest abundances were observed in October 2004
and April 2005, followed by July and October 2005. No significant differences
existed in nagAc quantities; however, there was a significantly greater abundance
of nahAc in October 2004 compared to other sampling dates.

4.3 PAH concentrations
Sixteen priority PAHs were measured at each site and each sample date (Table
II-1). At site W, naphthalene was not detected in April or July 2005; in October
2004, we measured 0.07 mg naphthalene/kg sediment (dry weight). Average
concentrations of pyrene ranged from 0.30 – 0.44 mg/kg and concentrations of
benzo[a] pyrene up to 0.33 mg/kg. At site DO, average naphthalene
concentrations ranged from undetectable to 0.07 mg/kg; pyrene from 0.69 – 9.75
mg/kg; and benzo[a]pyrene from 1.77 – 8.57 mg/kg. Site CF had the highest
PAH concentrations with naphthalene ranging from 0.34 – 2.63 mg/kg; pyrene
69

Gene copies / ug sediment dry weight
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Figure II-4. Quantities of nidA (left), nagAc (center) and nahAc (right)
measured at each sampling event (● October 2004, ○ April 2005, ▼ July
2005 and ∆ October 2005).
Points are means of triplicate PCR on triplicate DNA extractions from triplicate
sediment samples taken at each site. Error bars are ± standard deviation (n = 27).
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Table II-1. Concentrations of 16 priority PAHs measured in Chattanooga
Creek surface sediments.
Concentrations are average mg PAH/kg sediment dry weight, ± standard deviation). = Not detected
PAH
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]
anthracene
Chrysene
Benzo[b]
fluoranthene
Benzo[k]
fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
Indeno[1,2,3c,d] pyrene
Dibenzo[a,h]
anthracene
Benzo[g,h,i]
perylene

October 2004
W
DO
CF
0.07
0.08
2.63
±0.05 ±0.07 ±1.45
-

W

April 2005
DO
CF
0.08
±0.07
-

W
-

-

-

-

-

-

-

-

0.04
±0.01
0.23
±0.09
0.35
±0.09
0.36
±0.09
0.30
±0.07
0.21
±0.07
0.20
±0.06
0.17
±0.05
0.06
±0.02
0.09
±0.03
0.28
±0.09
0.08
±0.02
0.02
±0.01
0.08
±0.02

0.02
±0.01
0.09
±0.01
0.71
±0.11
0.68
±0.15
0.69
±0.11
0.71
±0.17
0.40
±0.11
0.92
±0.27
0.29
±0.09
0.39
±0.11
1.77
±0.53
0.52
±0.17
0.10
±0.03
0.39
±0.12

0.98
±0.17
3.49
±0.87
24.08
±
3 84
27.10
±7.49
22.43
±5.88
24.13
±5.61
18.77
±3.52
19.38
±4.08
7.09
±1.52
7.17
±1.51
36.34
±7.86
9.93
±2.06
1.92
±0.39
8.02
±1.63

0.03
±0.01
0.19
±0.04
0.31
±0.08
0.47
±0.31
0.34
±0.19
0.25
±0.16
0.20
±0.11
0.18
±0.11
0.07
±0.05
0.09
±0.06
0.33
±0.22
0.10
±0.06
0.02
±0.01
0.09
±0.05

0.09
±0.08
0.34
±0.19
1.98
±1.30
1.89
±0.24
1.60
±0.47
1.57
±0.66
1.23
±0.68
1.48
±0.94
0.51
±0.35
0.68
±0.49
4.11
±4.03
0.79
±0.57
0.17
±0.11
0.70
±0.52

0.92
±0.36
1.76
±0.71
14.78
±6.57
13.20
±5.86
9.16
±5.82
8.94
±5.52
6.84
±4.27
7.64
±2.65
2.49
±0.87
3.10
±1.05
15.25
±6.02
3.83
±1.62
0.82
±0.27
3.01
±0.99

0.05
±0.02
0.34
±0.11
0.11
±0.03
0.72
±0.27
0.44
±0.15
0.29
±0.13
0.26
±0.09
0.26
±0.14
-
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0.13
±0.07
0.07
±0.06
0.02
±0.01
0.09
±0.06

July 2005
DO
CF
0.07
0.34
±0.03 ±0.13
2.66
3.97
±0.51 1.48
0.53
±0.06
3.83
±0.88
3.55
±1.44
11.44
±2.88
9.75
±2.42
9.59
±2.27
7.43
±2.07
11.42
±3.07
4.42
±0.47
5.48
±0.76
8.57
±2.30
6.93
±1.63
2.39
±0.55
5.11
±1.21

15.74
±14.3
6
5.11
±1.90
13.81
±8.38
38.02
±5.72
21.94
±8.79
22.15
±9.97
15.60
±8.25
23.69
±9.17
10.80
±3.43
11.97
±4.27
18.46
±8.66
16.01
±5.26
1.58
±0.68
12.92
±4.36

ranging from 9.16 – 22.43 mg/kg; and benzo[a]pyrene from 15.25 – 36.34 mg/kg.
Concentrations of PAHs were mostly consistent with previously measured
concentrations at this site, with the exception of naphthalene which was lower in
this study (Dionisi et al. 2004). Concentrations of PAHs with 3 or more rings
were strongly correlated (Table II-2).

4.4 PAH mineralization
Naphthalene mineralization was observed in all samples over 40 hours. At site W,
1.2 – 35.6% of added naphthalene was mineralized; at site DO, 7.1 – 99.2% was
mineralized, and at site CF, 41.8 – 80.7%. Pyrene mineralization was very low at
site W, ranging from 0.1 – 0.8% of pyrene added, but higher at sites DO (11.1 –
25.8%) and CF (16.6 – 26.9%). The amount of pyrene mineralized corresponds
with observations made by Cheung and Kinkle (Cheung & Kinkle 2001):
inoculated Mycobacterium mineralized less than 40% of added pyrene, even after
100 days. Figure II-5 shows the curvilinear relationship of measured
mineralization to PAH concentrations in Chattanooga Creek sediments:
biodegradative capabilities are positively related to PAH concentration only at
low PAH concentrations.

4.5 Correlations among catabolic genotypes and mineralization potential
To determine the relationship between dioxygenase gene quantities and other
variables which may be related to the microbial community’s degradative
potential, a correlation matrix of Spearman rank correlation coefficients (rs) was
developed (Table II-2). As expected, a significant correlation was observed
between naphthalene and pyrene mineralization (rs = 0.783), and mineralization is
positively correlated to concentrations of most individual PAHs (Table II-2). A
significant correlation also exists between nidA and nagAc copies per gram dry
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Table II-2. Spearman rank correlation coefficients (rs) matrix.
NapMin and PyrMin are the percentage of added naphthalene and pyrene mineralized in 40 hours. 16S, nid, nag and
nah are abundance of 16S rDNA, nidA, nagAc, and nahAc genes, respectively, normalized to g dry weight sediment
(/g), μg DNA extracted (/μg), or to 16S rDNA abundances (/16S). Naph, phen, pyr, benz-a, chry, and benz-gh are
concentrations of naphthalene, phenanthrene, pyrene, benzo[a]pyrene, chrysene and benzo[g,h,i]perylene, respectively,
measured in mg PAH per kg dry weight sediment. Significant correlations are shaded in grey (n = 12, rs > 0.591, α =
0.05).

NapMin
PyrMin
16S/g
16S/μg
nid/g
nid/μg
nid/16S
nag/g
nag/μg
nag/16S
nah/g
nah/ug
nah/16S
naph
phen
pyr
benz-a
chry
benz-gh

Nap
Min
1.00
0.78
0.14
-0.15
0.23
0.02
0.33
0.67
0.36
0.60
-0.31
-0.37
-0.21
0.28
0.82
0.75
0.63
0.73
0.80

Pyr
Min

16S
/g

16S
/μg

nid
/g

nid
/μg

nid
/16S

nag
/g

nag
/μg

nag
/16S

nah
/g

nah
/μg

nah
/16S

nap
h

phe
n

1.00
0.35
0.15
0.49
0.35
0.28
0.81
0.57
0.55
-0.01
-0.09
-0.09
0.58
0.58
0.73
0.78
0.62
0.78

1.00
0.85
0.36
0.51
-0.33
0.52
0.68
0.41
-0.16
-0.24
-0.58
-0.37
-0.38
-0.48
-0.32
-0.52
-0.50

1.00
0.21
0.43
-0.48
0.34
0.66
0.27
-0.09
-0.09
-0.45
-0.31
-0.53
-0.53
-0.32
-0.63
-0.52

1.00
0.93
0.66
0.76
0.58
0.48
0.21
0.19
0.07
0.23
-0.17
0.30
0.27
0.15
0.23

1.00
0.45
0.69
0.69
0.52
0.27
0.25
0.06
0.16
-0.45
0.05
0.17
-0.17
-0.03

1.00
0.45
0.10
0.34
0.26
0.29
0.44
0.34
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Figure II-5. PAH mineralization (40 hour incubation) in relation to
measured concentrations of naphthalene (A) and pyrene (B).
Error bars represent the standard deviation of triplicate mineralization assays (●
naphthalene and ○ pyrene) on triplicate sediment samples from each site.
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weight sediment (rs = 0.755, p > 0.001) (Figure II-6). Weak but significant
correlations between dioxygenase genes and PAHs include nidA (normalized per
biomass) and pyrene (rs = 0.600), nagAc and benzo[a]pyrene (rs = 0.633), nahAc
(normalized per biomass) and benzo[a]pyrene (rs=0.600) and nahAc and
naphthalene (rs = 0.647).
One goal of this study was to assess dioxygenase genes as markers for active
biodegradation in this system. The relationship between catabolic gene quantities
and pyrene mineralization is shown in Figure II-7. Both nagAc and nidA show
positive relationships to pyrene mineralization. Best fit lines for each data set are
described by logarithmic nonlinear regression (% pyrene mineralized = y0 + a ln
(gene copies /g)): for nidA (% pyrene mineralized = -41.47 + 4.12 ln (nidA/g)), r2
= 0.74 and for nagAc (% pyrene mineralized = -27.55 + 3.46 ln (nagAc/g)), r2 =
0.93.

4.6 Diversity of Mycobacteria
Detection of nidA in Chattanooga Creek sediments implicates the presence of
fast-growing, potentially PAH-degrading Mycobacteria. In order to further
investigate Mycbacterial diversity, fast-growing Mycobacterium 16S rDNA genes
were cloned. Seventy-four clones were successfully sequenced, all showing high
sequence similarity (96% - 100%) to other published fast-growing
Mycobacterium. Few clones were duplicate sequences: instead the majority was
unique, indicating a high diversity of Mycobacterium in this system. A neighborjoining tree using the Kimura 2-parameter distance model (Kimura 1980) shows
the phylogenetic relationship of these sequences (Figure II-8). As expected, most
clustered apart from M. ulcerans, a slow-growing Mycobacterium sp. Most
sequences fall into the same cluster as M. vanbaalenii, M. austroafricanum, and
M. flavescens, species that have all been characterized as high molecular weight
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Figure II-6. Comparison of Mycobacterium nidA to related naphthalene
dioxygenase genes (● β-proteobacteria nagAc and ○ γ-proteobacteria nahAc)
in Chattanooga Creek sediments, indicating a coexistence of nidA and nagAc
(rs = 0.755).
Data points represent the mean of triplicate PCR on triplicate DNA extractions
from sediments.
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Figure II-7. Functional relationship between PAH-dioxygenase gene
abundances (● nidA, ○ nagAc, ▼nahAc) and in vitro pyrene mineralized.
Best fit lines are described by logarithmic nonlinear regression (% pyrene
mineralized = y0 + a ln (gene copies /g)): for nidA (% pyrene mineralized = 41.47 + 4.12 ln (nidA/g)), r2 = 0.74 (long dashes) and for nagAc (% pyrene
mineralized = -27.55 + 3.46 ln (nagAc/g)), r2 = 0.93 (short dashes).
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Figure II-8. Neighbor-joining tree of 16S rDNA sequences from
Chattanooga Creek retrieved using Mycobacterium specific primers.
Included are published 16S rDNA sequences from other fast-growing PAHdegrading Mycobacterium (▲), fast-growing non-PAH-degrading M.
mucogenicum (■), slow-growing M. ulcerans (●) and Pseudomonas putida as an
outgroup (○). Boostrap values (for 5000 iterations) over 50 % are indicated on
branches.
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0.05

PAH degraders (Kim et al. 2005b), suggesting that these clones represent other
PAH-degrading Mycobacterium. Two clones were most closely related (97 - 98
%) to opportunistic pathogens such as Mycobacterium mucogenicum (AJ627393).
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5. Discussion
Catabolic genes represent the degradative potential of a bacterial community, and
are indicative of the community’s response to bioavailable substrate. It is
hypothesized that catabolic genes can serve as markers of actual function: in the
case of PAH-degrading communities, strong positive correlations have previously
been found between nahAc gene copies and transcripts (Fleming et al. 1993,
Sanseverino et al. 1993b) indicating that the presence of genes in a community is
related to their activity. In this study we quantified three different PAH
dioxygenase genotypes to better understand the relationship to each other within a
community, as well as to actual function (PAH mineralization) of these
communities.
While many studies have used molecular tools such as PCR to detect single
catabolic genes during biodegradation (Stapleton et al. 1998, Dionisi et al. 2004),
multiple targets give a more comprehensive picture of community-level
responses, and can provide insight into relationships between populations carrying
the genotypes. Multiple catabolic gene targets have been successfully used to
establish microbial biodegradative potential in an aquifer (Stapleton & Sayler
1998) and within a BTEX plume (Stapleton et al. 2000b), and have also provided
insight into microbial communities exposed to PAHs (Langworthy et al. 1998,
Laurie & Lloyd-Jones 2000, Ringelberg et al. 2001). In this study, naphthalene
dioxygenase genes nagAc and nahAc (from β- and γ-proteobacteria), as well as
pyrene dioxygenase gene nidA (from Mycobacterium) were not only identified,
but also quantified. Establishment of dioxygenase genes within these
communities combined with measured mineralization indicates that aerobic PAHdegradation is occurring; this observation is consistent with the creek’s frequent
aeration due to flood disturbances and its lotic nature.

81

Abundances of nidA and nagAc were lower at site W, which has the lowest levels
of contamination and serves as the control site for this study. Ralstonia-like
nagAc abundances measured in our study (103 – 107 copies/g sediment)
correspond with those previously measured in Chattanooga Creek by Dionisi et al.
(Dionisi et al. 2004) (105 – 107 copies/g sediment), however do not show the same
strength of correlation with naphthalene concentrations (r = 0.45 in this study
compared to r = 0.77 by Dionisi et al.). This is likely a result of lower
naphthalene concentrations (sometimes below detection) measured during our
study.
A significant positive correlation was observed between copies of nidA and
nagAc in Chattanooga Creek sediments indicating that Mycobacterium and
Ralstonia sp. U2-like bacteria coexist and are likely responding to similar
ecological cues (such as contaminant concentrations and bioavailability).
Enrichment and coexistence of genotypes for low- and high molecular weight
PAH degradation are consistent with the complex contaminant mixture in
Chattanooga Creek.
In contrast to the relationship between nagAc and nidA, no strong relationship was
observed between nahAc and either of the other catabolic genes or mineralization
rates; however, there was a significant positive correlation between nahAc and
naphthalene concentrations. Sanseverino et al. (Sanseverino et al. 1993b) found a
similar positive relationship between nahAc abundance and naphthalene
concentrations above a threshold of about 100 mg/kg soil, postulating that at low
concentrations of naphthalene, organisms with nahAc may be inactive. While
many cultured PAH-degrading organisms have nahAc-like genes, these results
suggest that γ-proteobacteria carrying nahAc may not play a major role in
Chattanooga Creek sediment communities in terms of PAH degradation. In
microcosms amended with low molecular weight PAHs, Laurie and Lloyd-Jones
(Laurie & Lloyd-Jones 2000) observed an increase in phnAc genes (from
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Burkholderia), but did not detect nahAc, suggesting that this genotype may not be
ecologically relevant in all environments. This is also supported by other studies
indicating that nah genes alone underestimate total biodegradative capacity (Ahn
et al. 1999). In addition, populations containing nahAc have been found to be
transient with respect to contaminant concentrations (Stapleton et al. 2000b),
possibly explaining the variability in nahAc abundance seen in this study.
Mineralization of pyrene was positively correlated to abundance of nagAc and
nidA. As this is, to our knowledge, the first quantitative detection of nidA in
PAH-degrading communities, this also presents the first demonstration of a link
between nidA abundance to function (pyrene mineralization) in indigenous
microbial communities. The observed correlation is consistent with work by
Wang et al. (1996), who found a positive correlation between pyrene
mineralization and abundance of inoculated Mycobacterium sp. PYR-1 in soil
slurries. Our observations suggest that nagAc and nidA may be valuable as
molecular biomarkers for high molecular weight PAHs degradation; especially of
interest in historically contaminated systems similar to Chattanooga Creek.
The presence and enrichment of fast-growing Mycobacterium in Chattanooga
Creek sediments has been established through quantification of pyrene
dioxygenase genes. As all nidA-carrying organisms identified thus far have been
fast-growing Mycobacteria, sequencing of a fast-growing Mycobacterium 16S
rDNA clone library was done to examine the phylogenetic distribution of the
population with these functional genes. Most clones sequenced were unique,
revealing a high diversity of fast-growing Mycobacterium that is only partially
represented by our clone library. The majority of sequences clustered with other
cultured PAH-degrading species: this observation, combined with detection of
nidA genes in this community, suggests that many of these uncultured
Mycobacteria could also be capable of high molecular weight PAH degradation.
Other studies have also found a high diversity of Mycobacteria in PAHcontaminated soils (Cheung & Kinkle 2001, Leys et al. 2005b). Interestingly, two
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sequences were most similar to M. mucogenicum, a fast-growing opportunistic
human pathogen which has been reported to be frequently found in surface waters
(Covert et al. 1999). Finding these sequences is not surprising, considering highly
populated area of Chattanooga nearby.
The demonstrated diversity of Mycobacteria, combined with the presence of nidA
genes, indicates that PAH-degrading Mycobacterium spp. are present in
Chattanooga Creek sediments, and likely playing an important role in attenuation
of PAHs.
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Part III.

Microbial community structure and biodegradation
activity associated with particle-associated bacteria in
a coal tar contaminated creek
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1. Abstract
The Chattanooga Creek Superfund site (Chattanooga, TN) is one of the most
polluted waterways in the Southeastern USA with high concentrations of toxic
and carcinogenic polycyclic aromatic hydrocarbons (PAHs) in the sediments.
The sediment communities have been characterized in terms of PAH degradation
genotypes (DeBruyn et al. 2007), and contribute to natural attenuation of PAHs
from Chattanooga Creek, however less is known about suspended sediments in
the water column. Hydrophobic contaminants such as PAHs will associate with
these suspended solids, and during flood events may be redeposited onto the
floodplain. These suspended particles represent an interesting but understudied
environment for PAH-degrading microbial communities. This study tested the
hypotheses that particle-associated bacterial (PAB) communities also have the
genotypic potential (i.e. PAH-dioxygenase genes) and activity (i.e. naphthalene
and pyrene mineralization), and contribute to natural attenuation of PAHs in
Chattanooga Creek. Upstream of the Superfund site, mineralization ranged from
0.2 – 2.0 % of added 14C-naphthalene and 0 – 0.1% of added 14C-pyrene (after 40
hour incubation). Mineralization was significantly greater in the PAB
communities within the contaminated zone, with 11.8 – 31.2% of added 14Cnaphthalene and 1.3 – 6.6% of 14C-pyrene mineralized. In addition, abundances
of nagAc (naphthalene dioxygenase) and nidA (pyrene dioxygenase) genes
indicate that PAB communities harbor populations with the genetic potential for
both low- and high-molecular weight PAH degradation. The PAB communities
were compared to sediment communities at the same sites. Microbial
communities in these two environments are phylogenetically distinct (determined
using T-RFLPs), however share some functional similarities, namely PAH
catabolic genotypes, mineralization capabilities, and community structuring along
a contamination gradient.
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2. Introduction
In an aquatic system, hydrophobic contaminants like polycyclic aromatic
hydrocarbons (PAHs) will partition out of the dissolved (aqueous) phase and into
the sediments, where microbial biodegradation is well-documented and generally
the primary route of attenuation of these carcinogenic and mutagenic pollutants
(Mueller et al. 1989). In addition to lake- or stream-bottom sediments, PAHs will
also associate with particles in the water column, either through diffusion into the
water and subsequent sorption onto suspended particles, or through disturbance
and suspension of contaminated stream-bottom sediments (Dachs et al. 1997,
Leppard et al. 1998, Pohlman et al. 2002, Marvin et al. 2004, Mackintosh et al.
2006).
The Chattanooga Creek Superfund Site, located in an industrial and residential
area of Chattanooga, Tennessee, was placed on the National Priorities list in 1995
due to mixed priority pollutants and heavy coal tar contamination, predominantly
from a nearby coking coal plant (Vulava et al. 2007). This contamination has
resulted in high concentrations of PAHs in the sediments, despite physical
remediation efforts involving excavation of contaminated sediments (Dionisi et al.
2004, DeBruyn et al. 2007). In addition to contaminated creek-bottom sediments,
repetitive deposition of polycyclic aromatic hydrocarbons (PAHs) onto the
floodplain soils has be documented (Dickerson 2005). It has been demonstrated
that flood events can redistribute organic contaminants (Hilscherova et al. 2007),
and the frequent flooding of Chattanooga Creek is likely contributing to the
observed PAHs on the flooplains.
Particles supended in the water column act as a vehicle for contaminant transport
both within an aquatic system (Pohlman et al. 2002) and onto the flooplain during
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flood events. This leads to the hypothesis that microbial communities associated
with these particles represent one pathway of PAH attenuation. Biodegradative
potential, through quantification of both low-and high- molecular weight PAH
dioxygenase genes (nidA, nagAc, and nahAc), as well as mineralization activity
have already been documented for the sediment communities in Chattanooga
Creek (Dionisi et al. 2004, DeBruyn et al. 2007), and this study aims to address
the hypothesis that suspended particle-associated bacterial (PAB) communities
are also involved in natural attenuation of PAHs from the site.
Suspended particles, also referred to as aggregrates or flocs, have been recognized
as a unique environment within the aquatic system, comprised of both inorganic
(e.g. clay) and organic (e.g. detritus) materials, supporting a community of
particle-associated bacteria (PAB) (Kirchman 1993, Droppo 2001). These PAB
communities are important to carbon metabolism and cycling in a variety of
aquatic environments (Simon et al. 2002). In both marine and freshwater
environments, PAB communities tend have higher densities (Caron et al. 1982,
Turley & Mackie 1994) and are phylogenetically distinct compared to free-living
bacteria (DeLong et al. 1993, Crump et al. 1999, Moeseneder et al. 2001,
Riemann & Winding 2001, Allgaier & Grossart 2006b, Zhang et al. 2007). In
addition, PAB generally display higher metabolic and enzymatic activity per cell,
compared to free-living bacteria (Kirchman 1983, Lemarchand et al. 2006,
Ghiglione et al. 2007).
Because of the tendency for hydrophobic contaminants to associate with
suspended particles, these particles may be an environment suited to
biodegradation: higher densities of bacteria on the particles increases contact with
PAHs and may aid bacteria in accessing insoluable PAHs (Johnsen & Karlson
2004). In addition, suspension in the water column, especially in a lotic creek
such as Chattanooga Creek, results in an oxygenated environment conducive to
aerobic biodegradation, compared to the bottom sediments where oxygen can
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become limited. There is evidence that biodegradation of PAHs increases with
increasing suspended sediment loads (Xia et al. 2006), indicating that these
understudied communities are likely contributing to PAH attenuation in aquatic
systems.
While other studies have contrasted free-living bacteria and PAB communities,
with an emphasis on phylogenetic relationships, this study compares PAB with
sediment communities, with an emphasis of functional (biodegradative)
similarities and differences. Suspended particle systems are very dynamic,
however very little baseline information exists regarding molecular
biodegradative potential of these communities. This study addresses the
hypotheses that a) particle associated bacterial communities are unique in
structure (phylogeny) and function (low- and high-molecular-weight PAH
biodegradation) when compared to the sediment communities, and that b) these
communities are contributing to the natural attenuation of PAHs from
Chattanooga Creek.
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3. Materials and Methods
3.1 Sample collection
Surface (top 20 cm) water samples were collected from Chattanooga Creek at
sites W, DO, and CF (Figure III-1). Samples were collected in April, July and
October of 2005. One L of water was filtered through 47 mm diameter 5 μM
polycarbonate filters (Millipore, Billerica, MA). At least seven filters were
collected for each site at each date, four were used immediately for mineralization
assays, and at least three were stored at -20°C for DNA extraction. Suspended
material dry weight was determined after baking filters at 80°C for > 48h.
Sediment samples were collected as previously described in DeBruyn et al. 2007.

3.2 SEM
Particles captured on the 5 μm filtures were imaged using environmental SEM
(ESEM) in a method similar to Droppo (2001). Circles 12 mm in diameter were
punched and mounted on an SEM sample mount. Images were taken with a
Hitachi S 4300 Scanning Electron Microscope operating at 20 kV.

3.3 Mineralization assays
Filters collected for each site were cut into small pieces using sterile scissors and
slurried with 2 ml sterile dH2O in a 40 mL EPA vial with a septum. For each site,
three vials were used for mineralization measurements and the fourth was mixed
with 1 ml of 2 N H2SO4 to serve as a killed control. An 8 ml vial with 0.5 ml 0.5
N NaOH was placed in each 40 ml vial as a CO2 trap. As a positive control, a 1
ml overnight culture of Mycobacterium flavescens (ATCC 700033) (pyrene) or
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Figure III-1. Map of Sampling locations on Chattanooga Creek.
The Tennessee River is pictured in the top left-hand corner; the TennesseeGeorgia border is along the bottom. Zone I is upstream of point sources of
contamination (sources include the Tennessee Products coking coal carbonization
facility). Zone II sediments were excavated in 1998; Zone III is currently being
excavated (2006-2007).
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Pseudomonas fluorescens HK44 (naphthalene) were used in place of filters.
Either 400,000 dpm naphthalene-1-14C (31.3 mCi/mmol, Sigma, St. Louis, MO)
or 200,000 dpm pyrene-4,5,9,10-14C (55 mCi/mmol, Sigma, St. Louis, MO)
dissolved in acetone were added to each. Vials were dark-incubated at room
temperature with shaking for 40 hours. The NaOH was mixed with water and
ReadySafe liquid scintillation cocktail (Beckman Coulter, Fullerton, CA) and
assayed on a Packard TriCarb 2900TR Liquid Scintillation Analyzer
(PerkinElmer, Downers Grove, IL).

14

C efficiencies (0-156 keV) ranged from

94.37 to 96.18.

3.4 DNA extraction and real-time PCR
Total DNA was extracted from the filters using the FastDNA SPIN kit for soil
(Qbiogene, Morgan Irvine, CA). One 47mm filter was inserted into each lysing
matrix tube, and minor modifications were made to the extraction protocol as
described previously (Dionisi et al. 2004).
To quantify abundance of PAH catabolic genes in particle-associated
communities, TaqMan probe quantitative PCR assays targeting genes that encode
the large (α) subunit of the terminal dioxygenase, responsible for the initial
dihydroxylation of the aromatic ring. The gene targets included: pyrene
dioxygenase genes (nidA from Mycobacterium), and naphthalene dioxygenase
genes (nahAc from γ-proteobacteria and nagAc from β-proteobacteria) ; assays
were designed and applied as described previously (Dionisi et al. 2004, DeBruyn
et al. 2007). Eubacterial 16S rDNA genes were also quantified as a proxy for
bacterial biomass as previously described (Harms et al. 2003). In addition, a real
time PCR assay targeting fast-growing Mycobacterium 16S rDNA genes was
designed as a proxy for fast-growing Mycobacterial biomass. The assy used
forward primer 5’-CCTTATGTCCAGGGCTTCA, and reverse primer 5’93

TAGCGACTCCGACTTCACG, which amplified 136 nucleotides of the V7
region of the 16S rDNA gene (approximately 1208 – 1344, E. coli numbering).
The internal dual-labelled probe (5’- FAMTTGAAAGGATTCGCTCCACCTCA-BHQ-1) targeted nucleotides 1273-1296.
Gradient PCR was done to determine the optimal annealing temperature (data not
shown). The real-time PCR reactions used QuantiTect Probe PCR Master Mix
(Qiagen, Valencia, CA) and were performed on an MJ Opticon thermocycler
(Bio-Rad, Hercules, CA) using the following protocol: 50°C for 2 minutes, 95°C
for 15 minutes, then 40 cycles of denaturing at 94°C for 15 seconds and annealing
at 57°C for 30 seconds. As a negative control, the assay was tested against
genomic DNA extracts of slow-growing environmental species of Mycobacteria,
namely M. marinum, M. terrae, and M. triviale.
16S rDNA was amplified from Mycobacterium flavescens (ATCC 700033) using
universal 16S primers 8F and 1492R, and cloned into TOPO-TA-PCR4
(Invitrogen, Carlsbad, CA) vector. These clones were used to create an internal
eight-point standard curve ranging from 101 to 108 gene copies per reaction. To
ensure specificity of the assay, PCR products were also cloned. Twenty PCR
product-containing clones were sequenced using M13 reverse primer on an
ABI3100 genetic analyzer (Applied Biosystems, Foster City, CA) at the
Molecular Biology Resource Facility, University of Tennessee (Knoxville, TN).
Statistical comparisons of gene abundance were done in NCSS (Number Cruncher
Statistical Systems, Kaysville, UT) using a nonparametric one-way ANOVA on
the ranked data, and Kruskal-Wallis Multiple Comparison Z test with Bonferroni
adjustment. ANOVA results with p < 0.01 were considered statistically
significant.
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3.5 T-RFLPs
Terminal restriction fragment length polymorphisms (T-RFLP) profiles were
generated to compare phylogenetic fingerprints of both sediment and PAB
communities in the July and October samples. Triplicate PCRs were set up for
each sample to amplify 16S rDNA genes from extracted total DNA. For each 25
μl reaction, 10 ng of DNA was mixed with 400 nM each of the universal
eubacterial primers 8F (tagged with FAM) and 907R (Lane et al. 1985,
Reysenbach et al. 1994) and puRe Taq Ready-to-go PCR beads (GE Healthcare).
The following thermocycler program was followed: 95°C for 10min, followed by
15 touchdown cycles (95°C for 30s, 60°C – 1°C/cycle for 30s, and 72°C for 1
min), followed by 10 cycles of 95°C for 30s, 45°C for 30s and 72°C for 1 min,
and finished with a final extension at 72°C for 10 min. Only 25 total cycles were
used, in order to minimize PCR bias (Suzuki & Giovannoni 1996). PCR products
were purified using a QIAquick PCR Purification Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions to remove any polymerase which can
potentially alter the length of DNA fragments during restriction enzyme digestion
(Hartmann et al. 2007). Each purified PCR product was divided into three for the
restriction digest. AluI and HhaI were chosen because preliminary T-RFLPs on
Chattanooga Creek sediment communities indicated these two would provide the
resolution required (i.e. gave more peaks that other enzymes tested, data not
shown). Twenty μl restriction digests consisted of 15 ul PCR product (about 50100ng; if yield was low, 2 PCR products were combined), 10U of restriction
enzyme (AluI or HhaI, Promega, Madison, WI), and buffer and BSA according to
manufacturer’s instructions. One third of each PCR product was mixed as above,
without the restriction enzyme, as an uncut control. Digests were incubated at
37°C for at least 3 hours. This was determined to be a sufficient about of time for
full digestion of the PCR product, as no change the T-RFLP profile was observed
after 3 h digestion time (data not shown). After digestion, DNA was cleaned
again using the PCR Purification Kit to remove buffers and enzyme, then
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completely dried on a Savant SpeedVac (Thermo Scientific). 0.75 μl of ROX500
size standard (Applied Biosystems, Foster City, CA) and 20-30 μl deionized
formamide was added to each sample before denaturing at 96°C for 5 min
followed immediately by 10 min on ice. Samples were then transferred to 96-well
plates and analysed on an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) using default GeneScan (fragment analysis)
parameters.

3.6 T-RFLP data analysis and statistics
T-RFLP profiles of replicate PCRs were aligned by peak size: Peaks that did not
occur in all three replicates were removed. Total fluorescence (i.e. the sum of all
peak heights, as a relative measure of total amount of DNA loaded) for a trace
was used to normalize replicates in a reiterative manner similar to Dunbar et al.
(Dunbar et al. 2001), and adjusted peaks giving a fluorescence of < 20 were
removed. A consensus trace for a sample was calculated using the average peak
size (nucleotides) and height of the three replicate PCRs. Consensus traces from
all samples for each enzyme were then aligned and peaks within 0.5 nucleotides
were binned together. Samples which did not contain a peak of a given size were
given a “0” value for that peak. The resulting matrix was used for multivariate
analysis.
Constrained multivariate ordination was done using CANOCO for Windows
version 4.54. Canonical correspondence analysis (CCA) was selected as the
optimal approach for constrained multivariate analysis of the T-RFLP data: CCA
uses a unimodal species distribution model, and is not susceptible to biases caused
by high multicollinearity in the dataset (Palmer 1993). In addition, CCA
compares relative species abundances, so will not represent artificial differences
between communities due to differences in DNA concentrations (an artifact of T96

RFLP which may unduly influence total abundances). Predictor
(“environmental”) variables included PAH concentration variables, including
Total PAH (sum of 16 EPA priority PAH concentrations in mg/kg, LMW PAH
(low molecular weight PAHs, sum of PAHs with three rings or less), HMW PAH
(high molecular weight PAHs, sum of PAHs with more than three rings),
LMW:HMW (ratio), Naph (Naphthalene concentration in mg/kg), Pyr (pyrene
concentration in mg/kg). These data were measured in the sediments only and
were reported previously (DeBruyn et al. 2007) – there was not enough material
on the filters to accurately measure particle-associated PAHs. To determine how
this would affect the analysis, all CCAs were run both with a predictor matrix that
included PAH measures and one that did not; in all cases the relationships
between communities in ordination space remained the same. PAH
mineralization data were also used as predictor variables, including Naph Min (%
of 14C-naphthalene mineralized in 40 hours) and PyrMin (% 14C-pyrene
mineralized in 40 hours). Also used as predictor variables were gene quantities
measured using real time PCR, normalized for total bacterial biomass (16S rDNA
gene copies), including nidA (copies of pyrene dioxgyenase), nagAc (copies of
naphthalene dioxygenase) and myco (copies of fast-growing Mycobacterial
biomass). Hill’s scaling with a focus on inter-sample distances and
downweighting of rare species was used. A Monte Carlo permutation test was
used to test the null hypothesis that the ordination patterns were unrelated to
environmental parameters (499 random permutations).
In addition to the constrained CCA analysis, data was also subjected to an
unconstrained nonmetric multidimensional scaling (NMDS) using Primer v6.1
software (PRIMER-E Ltd., Plymouth, UK). NMDS does not make assumptions
about the relationships between species and environmental gradients and is
therefore a straightforward representation of similarities between communities,
useful for verification of constrained analyses such as CCA. Abundance data was
first standardized by sample total, then transformed either into binary data or
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square root. Bray-Curtis similarity scores were calculated and used to construct
the NMDS plots. To test for statistically significant differences between
communities at different sites and dates, ANOSIM was done on a matrix of
ranked Bray-Curtis similarities using Primer v6.1 software (PRIMER-E Ltd.,
Plymouth, UK) (Clarke & Gorley 2006). The following groups were tested:
environment (particle-associated vs. sediment communities), site (W, DO, or CF)
and date (July and October).
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4. Results
4.1 Particle characterization and PAH mineralization
Average sediment loads ranged from 4.25 – 17.2 mg of ≥ 5 μm suspended
particles (dry weight) per L for all dates and sites sampled, with no significant
differences between loadings at different sites or dates (ANOVA, p < 0.001).
Environmental SEM (E-SEM) images show that these particles are complex
matrices of organic and inorganic materials, characteristic of suspended sediment
(Droppo 2001) (Figure III-2).
Table III-1 gives the percentages of labeled PAHs that were mineralized by the
particle associated communities after 40 hours, as well as the first order
biodegradation rate constants. In general the particles collected from site DO and
CF, which have higher concentrations of PAHs in the sediments, exhibit greater
mineralization of PAHs. As expected, more of the naphthalene was mineralized
compared to pyrene.

4.2 Specificity of the Myco16S real time PCR assay
The real time assay targeting fast-growing Myocbacterium 16S rDNA genes was
tested against slow-growing Mycobacterium spp. as a negative control to ensure
specificity. The assay did not amplify M. marinum or M. terrae 16S, however
there was some amplification of M. triviale (data not shown). M. triviale is one
of the deepest branching of the slow-growing group (i.e. more closely related to
the fast-growers) and is the only known slow growing strain that can grow on 5%
NaCl, a characteristic of the fast growers (Stahl & Urbance 1990). The assay was
also tested for specificity by cloning and sequencing real time PCR products. The
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Table III-1. Percent of added 14C-naphthalene or 14C-pyrene mineralized and
first-order biodegradation rate constants (k) by bacterial communities
associated with > 5 μm particles.
Assay was carried out for 40 hours. Percentages and rates are mean ± standard
deviation (n=3).
14

C-Napthalene
Site
July 2005
Percent
W
2.02 % ±
1.87 %
DO
22.36 % ±
15.87 %
CF
24.93 % ±
5.07 %

-1

Rate (day )
-2.202 ±
2.043 x 10-3
-0.0244 ±
0.0173
-0.0272 ±
0.553

October 2005
Percent
0.24 % ±
0.04 %
11.75 % ±
10.57 %
31.21 % ±
11.14 %

Rate (day-1)
-2.61 ±
0.413 x 10-4
-0.0128 ±
0.0115
-0.0341 ±
0.0122

October 2005
Percent
0.00 % ±
0.11 %
1.27 % ±
0.53 %
6.61 % ±
1.02 %

Rate (day -1)
0±
5.913 x 10-5
-6.935 ±
2.907 x 10-4
-3.607 ±
5.542 x 10-3

14

C- Pyrene
Site
July 2005
Percent
W
0.05 % ±
0.03 %
DO
1.42 % ±
0.38 %
CF
2.59 % ±
0.93 %

-1

Rate (day )
-2.700 ±
1.446 x10-5
-7.727 ±
2.071 x 10-4
-1.411 ±
0.5047 x 10-3
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primers amplified sequences from fast growing Mycobacterium spp., along with
some Rhodococcus and other Actinomycetes, however, all of these nonMycobacterial PCR products contained at least 4 base mismatches to the probe,
indicating that they not contributing to the detectable light signal (i.e. not a false
positive).

4.3 Genotypic characterization of PAH degrading populations in PAB
communities
Figure III-3 shows the abundances of 16S rDNA, nidA, nagAc, nahAc, and
Mycobacteria 16S rDNA measured per litre of water on each of the three
sampling dates (nahAc and Mycobacterial 16S were not measured for the April
samples). nidA and nagAc were detected in all PAB communities, indicating that
these populations do have the catabolic potential for pyrene and naphthalene
mineralization. In particular, quantification of both nidA and Mycobacterial 16S
indicates that fast-growing Mycobacterium are part of the particle-associated
bacterial communities.
Total eubacteria and Mycobacterium biomass remained consistent between sites:
there were no significant differences in quantities of total 16S rDNA or
Mycobacteria 16S rDNA (Kruskal-Wallis one-way ANOVA, p > 0.05). nidA
abundances were also similar between sites: there was no significant difference in
quantities (Kruskal-Wallis one-way ANOVA, p > 0.05). In contrast, nagAc
abundances were significantly lower at site W compared to the other two sites
(DO and CF) (Kruskal-Wallis One-way ANOVA, p < 0.001). nahAc abundances
were more varied : abundances were four-fold higher in July compared with the
October samples, and at site CF in October, nahAc was not detected (Figure
III-3).
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Figure III-3. Gene abundances in particle-associated communities.
Gene copies measured per L of water filtered (> 5 μm), including eubacterial 16S
rDNA (black), nidA (white), nagAc (hatched), nahAc (light grey), and
Mycoabacteria 16S (dark grey). nahAc and Mycoabacterial 16S was not
quantified for the April samples. Bars are means of triplicate PCR on triplicate
filters taken at each site (n=9). Error bars are ± standard deviation.
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Gene abundances in the PAB communities were compared to measurements made
on the sediment communities (DeBruyn et al. 2007), to determine functional
similarities or differences between communities in these two environments
(Figure III-4). While both nidA and nagAc were detected in all samples for both
PAB and sediment communities, the proportions and relationships between these
genes varied. There was a significantly lower abundance of nidA (as a percentage
of both total eubacterial biomass and mycobacterial biomass) in the PAB
communities compared to the sediments (Mann-Whitney U test, p < 0.001), and
no significant correlation existed between nidA copy numbers in the sediments
and PAB communities. Fast-growing Mycobacterium biomass ranged from
0.30% - 1.32% of total eubacterial biomass in the PAB and 0.80% - 3.22% in the
sediments. Figure III-5 shows that while Mycobacteria biomass was similar in
sediments and PAB, nidA abundances were lower in PABs.
In contrast, there was no significant difference in abundance of nagAc between
sediment and PAB communities, and a positive relationship was observed
between particle and sediment nagAc quantities (Figure III-4). There was no
detectable relationship between nahAc in the sediments and PAB, largely due to
the variability in abundance observed for this genotype. Positive relationships
that had previously been observed in the sediment communities between nidA and
nagAc (DeBruyn et al. 2007) were not observed for PAB (Figure III-6).

4.4 Phylogenetic comparisons between sediments and particle-associated
communities (T-RFLP)
16S rDNA T-RFLPs were used to obtain phylogenetic fingerprints of the
sediment and PAB communities. The combination of T-RFLP profiles for all
samples resulted in a total of 227 restrition fragment lengths (ribotypes) when
digested with AluI and 232 for HhaI, indicating that both enzymes gave a similar
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Figure III-4. Gene abundances in particle associated communities compared
to abundances in sediment communities.
Gene copies are normalized to total Eubacterial biomass (16S rDNA copies) for
the community.
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Figure III-5. Relationship between Mycobacterium biomass and nidA copies
in sediments (black) and particle-associated communities (white).
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Figure III-6. Positive correlation between nidA and nagAc abundance in
sediments (black) was not observed in the PAB communities (white).
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level of community resolution. There were no significant differences in ribotype
richness (number of T-RFLP fragments) between environments (PAB vs.
sediments), sites (W, DO, or CF) or dates (July, October) (one-way ANOVA, p >
0.05) (data not shown). These data were used for canonical correspondence
analysis (CCA) along with a matrix of predictor variables. Figure III-7 shows the
ordination plots from canonical correspondence analysis for both the AluI and
HhaI datasets. The similarity in arrangement of the samples in multivariate space
for both datasets confirms the observed relationships between communities are
not spurious. In addition, Monte Carlo permutation tests were significant (p <
0.01) confirming that the distribution of samples with respect to the
environmental variables is nonrandom. The first canonical correspondence axis
explains the greatest amount of variance (27.4% for AluI and 30.8% for HhaI).
There is a separation between PAB and sediment communities along this axis,
indicating that phylogenetic differences are greatest between the two
environments (compared to differences between sites or dates). This first axis, or
gradient, along which these two communities separate is correlated to some of the
biological predictor variables, especially nidA and nagAc abundances.
The second canonical correspondence axis explains the second most amount of
variance – the first two axes account for 33.3% and 34.8% of the total variance
for AluI and HhaI respectively. This axis is strongly correlated to the PAH
predictor variables (Total PAH, LMW (low molecular weight) PAHs, HMW
(high molecular weight) PAHs, naphthalene and pyrene concentrations),
indicating that PAH concentration is a determinant of community structure within
each environment. For both PAB and sediment communities, the community
follows the general trend of increasing PAHs (W < D < CF), that is, the CF
samples plot further along the gradient of PAHs than the other sites.
NMDS analysis was done on both AluI and HhaI matrices. All configurations
had 2-D stress values < 0.14. Both binary and square root transformations yielded
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Figure III-7. CCA ordination plots of T-RFLP profile data.
Ordination plot of the CCA, using Hill’s scaling for alu matrix (top) and hha
matrix (bottom). Sediment communities are represented by grey circles, particles
represented by open circles. Predictor variables include: Total PAH (16 EPA
Priority PAHs), LMW PAH (low molecular weight PAHs), HMW PAH (high
molecular weight PAHs, Naph (Naphthalene), Pyr (Pyrene), NaphMin (% 14CNaphthalene mineralized in 40 hours), PyrMin (% 14C-Pyrene mineralized in 40
hours), nidA (copies of pyrene dioxygenase nidA, normalized for bacterial
biomass), nagAc (copies of naphthalene dioxygenase nagAc, normalized for
bacterial biomass), and myco (fast-growing Mycobacterial biomass, normalized
for total bacterial biomass). Coding of samples: first letter refers to date of
sample (J=July, O=October), second letter(s) refer to sampling site (W, D or CF).
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similar plots with stress values within 0.05, only the square root transformed data
NMDS analysis was done on both AluI and HhaI matrices. All configurations
had 2-D stress values < 0.14. Both binary and square root transformations yielded
similar plots with stress values within 0.05, only the square root transformed data
is shown in Figure III-8 and Figure III-9. The plots of the whole matrices (Figure
III-8) shows a clear separation between particle and sediment communities,
confirming the separation along the primary axis seen in the CCA. The particle
and sediment communities were also separately subjected to NMDS. Figure III-9
shows the NMDS plots of the separate datasets, using the HhaI matrices as input.
ANOSIM was used to determine if there were significant differences between
environments, sites, or dates based on Bray-Curtis similarity scores. The results
are shown in Table III-2. The ANOSIM generates the R statistic; when R > 0.75,
groups are well separated, R > 0.5 indicates groups are separated but overlapping,
R > 0.25 groups are barely separable (Clarke & Gorley 2006). Both the HhaI and
AluI matrices were used as input, and the data was either binary transformed
(presence-absence) or square root transformed. In all cases, the two matrices
(HhaI and AluI) were always in agreement; the two types of data transformation
also yielded very similar analysis results. When the whole data set is used, there
is a significant separation between the type of environment, i.e. particle associated
vs. sediment communities (R = 0.905- 0.997, p < 0.001). This confirms the
separation along the primary axis observed in both the CCA (Figure III-7) and
NMDS (Figure III-8) plots. When the data set is split by environment type, the
sediment communities show some significant separation by site (R = 0.38 – 0.46,
p < 0.001) but little by date. In contrast, the particle-associated communities
show some significant separation by date (R = 0.54 – 0.86, p < 0.001), but little
separation by site. The clusters are evident in the NMDS plots of the particleassociated and sediment communities (Figure III-9).
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Figure III-8. NMDS plots of T-RFLP profiles.
Plots for AluI (top) and HhaI (bottom) digested samples. Coding of samples: first
letter refers to date of sample (J=July, O=October), second letter(s) refer to
sampling site (W, D or CF).
110

1.5

hha - part - sqrt - stress = 0.06
OWF2
OWF3

1.0

OWF5

0.5

Axis 2

JCFF7
JCFF2
ODF2
ODF4

ODF6

JDF4

JDF6
JCFF1

0.0
JDF1
JWF5
JWF4
OCFF4

-0.5

OCFF6
JWF2
OCFF1

-1.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Axis 1

1.5

hha - sed - sqrt - stress = 0.13
JDSC

1.0
JDSA
ODSA
JDSB
ODSB
ODSC

Axis 2

0.5

JCFSB

OCFSB

JCFSC

JWSCJWSB

0.0

OWSC

JCFSA

OCFSC

JWSA

OCFSA

-0.5

OWSA

-1.0

OWSB

-1.5
-3

-2

-1

0

1

2

Axis 1

Figure III-9. NMDS of T-RFLP profiles (HhaI digested) of particleassociated communities (top) and sediment communities (bottom).
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second letter(s) refer to sampling site (W, D or CF).
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Table III-2. Results of ANOSIM analysis.
ANOSIM determines if there are significant differences between groups, based on
Bray-Curtis similarities. The sediment and particle community data were tested
as separate data sets, then combined and tested as a whole. Grouping was by site
(W, DO, or CF), by date (July or October), or by environment (sediment and
particle). Data was transformed either to binary (presence-absence) or by square
root. Reported here is the Global R calculated by ANOSIM, and the estimated p
value. Grey boxes show where significant differences (p < 0.01) between groups
were observed.
Data set

Grouping
variable

Restriction
enzyme

Whole
(sediment
and
particles)

Environment

Alu I
Hha I
Alu I
Hha I
Alu I
Hha I
Alu I
Hha I
Alu I
Hha I
Alu I
Hha I
Alu I
Hha I

Date
Site

Sediment

Date
Site

Particles

Date
Site

Binary transformed
Global R
0.945
0.905
0.073
0.136
0.023
0.009
0.097
0.082
0.375
0.42
0.535
0.758
0.109
0.049
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p value
0.001
0.001
0.078
0.02
0.26
0.327
0.065
0.097
0.001
0.001
0.001
0.001
0.120
0.256

Square root
transformed
Global R p value
0.997
0.001
0.996
0.001
0.083
0.072
0.142
0.021
0.019
0.263
0.002
0.384
0.118
0.035
0.134
0.024
0.390
0.001
0.456
0.001
0.619
0.001
0.861
0.001
0.151
0.059
0.012
0.378

5. Discussion
The microbial communities associated with suspended particles in the water
column of coal tar-contaminated Chattanooga Creek have both the genotypic
potential (PAH dioxygenase genes) and actual PAH mineralization (naphthalene
and pyrene) activity, indicating that these communities are likely contributing to
natural attenuation of PAHs from the site. The abundances of nidA and fastgrowing Mycobacterium 16S rDNA genes were not significantly different
between sites, suggesting that a population of pyrene-degrading Mycobacteria
make up a stable portion of the particle-associated bacterial (PAB) community.
This is consistent with observations of nidA abundances in the sediments of
Chattanooga Creek (DeBruyn et al. 2007). In contrast to nidA abundances,
Ralstonia-like naphthalene dioxygenase genes (nagAc) were significantly
enriched in PAB collected from sites DO and CF compared to the background site
W. Interestingly, the strong correlation previously seen between nidA and nagAc
in sediment communities of Chattanooga Creek (DeBruyn et al. 2007) was not
observed in the PAB communities, suggesting that while the Mycobacteria- and
Ralstonia-like populations do coexist, they may not be responding to similar
ecological cues.
This is the first study (to our knowledge) indicating that fast-growing PAHdegrading Mycobacteria are part of the suspended particle-associated
communities. In combination with detection of pyrene dioxygenase nidA genes,
this observation implicates suspended particles as an environment conducive to
pyrene degradation – this of importance as the higher molecular weight PAHs
tend to more toxic and more recalcitrant than lower molecular weight PAHs (such
as naphthalene) (Cerniglia 1992). The presence of Mycobacteria is not
unexpected: Actinomycetes have previously been found to be associated with
suspended particles in other freshwater aquatic systems (Crump et al. 1999,
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Allgaier et al. 2007); in particular, Allgaier et al. 2007 recovered
Mycobacteriaceae sequences associated with particles which were not observed
free-living in the water column. The presence of Ralstonia–like nagAc genes
associated with PAB also corresponds to other studies: β-proteobacteria have
been found to be associated with suspended particles in freshwater systems, and
in many cases dominate PAB assemblages (Weiss et al. 1996, Grossart & Simon
1998, Schweitzer et al. 2001, Lemarchand et al. 2006).
In comparing PAB and sediment communities in Chattanooga Creek, it was noted
that these communities do not significantly differ in abundances of
Mycobacterium, however there is significantly higher nidA abundances in the
sediments. The difference in Mycobacterium: nidA ratios may be because PAB
communities may have more fast growing Mycobacteria that do not have the nidA
genotype, and/or the nidA gene may be carried by other organisms (nonMycobacterium) in the sediments. To date, nidA genes have only been associated
with fast-growing Mycobacterium.
16S T-RFLP profiles indicated that sediment and PAB communities are
phylogenetically distinct: the greatest phylogenetic differences observed were
between physical environments, as opposed to temporal or spatial differences. In
the ordination plots of the canonical correspondence analysis, this difference is
reflected along the first ordination axis, and ANOSIM confirmed this was a
significant separation. In the constrained CCA ordination, some biological
predictor variables included in the analysis correlated with this first axis,
suggesting that the biological (functional) differences in communities are related
to the phylogenetic (structural) differences observed.
Within each of the environments (particle-associated and sediment) some
structuring along the second CCA axis is apparent. The second ordination axis
explains the next most amount of variance, and is very strongly correlated to PAH
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concentrations: communities in both PAB and sediments separate out along this
axis spatially (low PAHs at W > D > CF high PAHs) indicating that within each
physical environments, contaminant concentration is an important predictor of
community structure. Unconstrained NMDS and ANOSIM confirmed this pattern
for the sediment communities: There was significant separation of communities
by site, indicating that environmental parameters chosen (i.e. PAH
concentrations) were adequate at predicting species distributions. Microbial
community changes in relationship to PAH chemistry is well-documented:
communities shifts have been observed in response to both the type (Ní Chadhain
et al. 2006, Muckian et al. 2007) and concentration (Langworthy et al. 1998,
Cheung & Kinkle 2001, Ringelberg et al. 2001, Langworthy et al. 2002, Vinas et
al. 2005) of PAHs present. In this study, there was no change in richness (i.e. no
significant differences between number of ribotypes) in the samples, indicating
that community shifts are due proliferation of different populations, also observed
at other PAH-contaminated sites (Muckian et al. 2007).
The only disagreement between CCA and NMDS was with respect to the particleassociated communities. When axes were constrained to environmental
parameters (CCA), there was a noticeable spatial structuring of communities.
However, unconstrained analysis (ANOSIM) showed no significant spatial
differences by site, only temporal differences by sampling date. This suggests
there are likely other environmental factors structuring PAB communities that
were not accounted for in this analysis. It is important to do simultaneous
constrained and unconstrained multivariate approaches; constrained analyses
relate species distributions to environmental parameters, and will therefore only
show biological variation explained by environmental parameters. Unconstrained
ordination, like NMDS, maximizes variance explanation, and provides
confirmation of constrained ordination patterns (Ramette 2007). The observed
spatial separation of sediment communities is consistent with the fact that soil
environments tend to be much more spatially heterogeneous because of limited
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transport. In contrast, the temporal separation of PAB communities is likely due
to greater spatial homogeneity of the water column (especially in a shallow, lotic
system like Chattanooga Creek) which may be more susceptible to seasonal
variability. Seasonal variation in PAB communities has been previously observed
(Allgaier & Grossart 2006b).
While PAB communities in Chattanooga Creek are phylogenetically distinct
compared to the sediment communities, there are functional similarities
(dioxygenase genes, mineralization of PAHs) that indicate that PAB are
contributing to natural attenuation of both low- and high-molecular weight PAHs.
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Part IV.
Isolation of pyrene-degrading organisms from
geographically disparate PAH-contaminated
sediments: evidence for horizontal transfer of nidA and
nidA3 pyrene dioxygenase genes between
Actinomycetes
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1. Abstract
Biodegradation of high molecular weight polycyclic aromatic hydrocarbons
(PAHs), such as pyrene and benzo[a]pyrene has only been observed in a few
genera, namely fast-growing Mycobacterium and Rhodococcus. In
Mycobacterium, catabolism of pyrene is initiated by the pyrene ring
hydroxylating dioxygenases NidAB or NidA3B3. In this study, pyrene-degrading
organisms were isolated from the sediments of two aquatic systems: coal-tar
contaminated Chattanooga Creek Superfund Site (TN, USA) and the western
basin of Lake Erie. Organisms that could use pyrene as a sole carbon source were
phylogenetically identified (16S rDNA sequencing) and probed for the presence
of Mycobacteria nidA and nidA3 genes, which encode the large subunits of the
initial pyrene dioxygenases. All of the isolates from Lake Erie were most closely
related to fast-growing Mycobacterium spp. (order Actinomycetales, family
Mycobacteriaceae), a group that has been previously associated with pyrene
degradation. These isolates all contained the nidA and nidA3 pyrene dioxygenase
genes, as well as a large (220-230 kb) plasmid. In contrast, the isolates from
Chattanooga Creek were phylogenetically most closely related to other
Actinomycetes; members of the families Microbacteriaceae and
Intrasporangiaceae. These isolates had homologous nidA genes, providing the
first evidence for horizontal transfer of this pyrene dioxygenase gene between
Actinomycetales genera. Some of these Chattanooga Creek isolates also had
nidA3. None appeared to have a large plasmid. The high homology of nidA
sequences between different genera as well as an analysis of the genomic
architecture of pyrene-degrading Mycobacteria reinforces the hypothesis that
pyrene dioxygenase genes have been horizontally transferred between genera.
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2. Introduction
High molecular weight polycyclic aromatic hydrocarbons (HMW PAHs),
comprised of at least three fused aromatic rings, tend to be resistant to microbial
biodegradation because of their hydrophobicity and chemical stability. As such,
these compounds are generally recalcitrant in soils and sediments (Cerniglia
1992) which is of concern because of their documented toxicity, mutagenicity and
carcinogenicity, as well as their association with inflammatory vascular responses
(Kim et al. 2005a). Several microorganisms have, however, been identified that
can use HMW PAHs such as pyrene as a sole carbon source. Most of these have
been fast-growing Mycobacterium spp., isolated from both contaminated and
uncontaminated freshwater sediments at geographically disparate locations (Table
I-2).
The primary PAH catabolic degradation pathway in aerobic bacteria involves an
initial dihydroxylation of the aromatic ring, followed by subsequent ring cleavage.
Molecular methods probing biodegradative populations and organisms often
target the α-subunit of the terminal Rieske dioxygenase, as this is the enzyme
which is responsible for the initial dihydroxylation and therefore conveys
specificity for particular PAH substrates. In pyrene degradation by
Mycobacterium, the nidA gene encodes the α- subunit of the terminal dioxygenase
which adds hydroxyl groups at C-4 and C-5 positions (Heitkamp et al. 1988b,
Khan et al. 2001, Brezna et al. 2003), and has been employed as a biomarker to
identify pyrene-degraders and track pyrene-degrading Mycobacterium populations
(Margesin et al. 2003, Hall et al. 2005, DeBruyn et al. 2007). More recently, an
alternate dioxygenase, NidA3B3, has been identified in Mycobacterium
vanbaalenii PYR-1 (Kim et al. 2006) , which performs the initial dihydroxylation
step in an alternate detoxification pathway (Kim et al. 2007). It is unknown
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whether the nidA3B3 genes encoding the alternative dioxygenase gene is present
in organisms other than Mycobacterium vanbaalenii.
Previous work has established the prevalence of fast growing Mycobacteria and
nidA genotypes in PAH-contaminated sediments using culture-independent
approaches (Hall et al. 2005, DeBruyn et al. 2007). The objective of this study is
to cultivate pyrene-degrading organisms to provide the link between phylogeny
(Mycobacteria) and function (nidA genotypes and pyrene degradation). In
particular, this study aims to isolate pyrene-degrading organisms from two
historically contaminated locations. The first is Chattanooga Creek, a Superfund
site in Chattanooga, Tennessee which is heavily contaminated with coal tar and
exhibits high concentrations of PAHs, ranging from approximately 50 - 250
mg/kg total PAHs (Dionisi et al. 2004, DeBruyn et al. 2007). The second is the
western basin of Lake Erie, which has a history of mixed contamination,
including PAHs (Eadie 1984). Concentrations of PAHs here are lower than
Chattanooga Creek, with total PAHs ranging from 1.5 – 5.3 mg/kg (Smirnov et al.
1998).
Freshwater Actinobacteria have been identified in planktonic and sediment
communities from diverse geographical locations (Zwart et al. 1998, Glockner et
al. 2000, Zwart et al. 2002, Hahn et al. 2003, Allgaier & Grossart 2006a, Briee et
al. 2007). 16S rDNA clone libraries made using fast-growing Mycobacterium
specific primers (Leys et al. 2005b) have revealed that PAH-contaminated
Chattanooga Creek contains a diverse population of fast-growing Mycobacteria,
closely related to other described PAH-degrading Mycobacteria (DeBruyn et al.
2007). In Lake Erie, water column bacterioplankton communities were shown to
be dominated by Actinobacteria sequences, including several closely related to
Mycobacterium hodlerii (Cupp et al.). This evidence, combined with the isolation
of PAH-degrading Mycobacteria from other locations, suggests that both
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Chattanooga Creek and Lake Erie may contain fast-growing Mycobacteria and/or
related organisms capable of HMW PAH degradation.
This study tests the hypothesis that Mycobacteria capable of HMW PAH
degradation are present in sediments from two geographically disparate locations.
To date, the only identified pyrene-degrading organisms have been
Mycobacterium and Rhodococcus; this study also addresses the hypotheses that
other genera are capable of pyrene degradation and have nidA and/or nidA3
pyrene dioxygenase genes homologous to those identified in M. vanbaalenii
PYR-1 (Kim et al. 2007).
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3. Materials and Methods
3.1 Sampling and sediment enrichments
Sediments (top 5 cm) were collected from Chattanooga Creek from the summer
of 2005 from site CF. This site was the most contaminated of the three sampling
sites, with total PAH concentration in the upper 5 cm of sediments ranging from
100-200 mg/kg (DeBruyn et al. 2007). Sediments from the long term monitoring
station 357 in the center of the western basin Lake Erie were collected in August
2006 using a box core and subcored to collect the top 5 cm of sediments. Total
PAHs have been measured for Lake Erie previously, with a concentration at
station 357 of 2.59 mg/kg (Smirnov et al. 1998).
For both Chattanooga Creek and Lake Erie samples, 5 g sediment were slurried
with about 10 ml sterile H2O and 500 mg/L pyrene and shaken at 30°C. A spray
plate method was used to obtain pyrene-degrading isolates (Shuttleworth &
Cerniglia 1997): Aliquots from both enrichments were taken after 20, 30 and 60
days, diluted and plated onto Basal Salts minimal media plates that had been
coated with pyrene. To coat each plate, pyrene was dissolved in acetone, then
sprayed onto the plates using an aerosolizer. Acetone was allowed to dry, and
spraying was repeated until an opaque layer of pyrene was visible. Plates were
sealed with parafilm to prevent drying and incubated at 30°C. After
approximately 7-10 days, colonies which produced a zone of clearing in the
surrounding pyrene layer were transferred to to an LB agar plate for further
analysis. Single colonies were picked off of the LB plate and transferred back to
another pyrene-coated BSM plate to confirm degradation. Isolates capable of
pyrene degradation were grown in liquid LB at 30°C for 2-5 days until a thick
culture had grown, which was then used for staining, imaging and DNA
extraction. Genomic DNA was extracted from the isolates using the Wizard
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Genomic DNA kit (Promega, Madison, WI) using the manufacturer’s gram
positive bacteria protocol.

3.2 Staining and imaging
Acid fast staining of isolates was done to determine the presence of cell wall
mycolic acids using the Ziehl-Neelsen (hot) method. Eight of the isolates were
imaged using scanning electron microscopy (SEM). The cells were fixed in
phosphate buffered 3% gluteraldehyde for 60 minutes, rinsed three time in buffer
then post-fixed in phosphate buffered 2% osmium tetroxide for 60 minutes. Cells
were then washed in water and allowed to settle for 10 minutes onto a silicon chip
(Ted Pella) before dehydration in a graded ethanol series. Following dehydration
cells were critical point dried in a LADD critical point dryer. Just before
examination cells were sputter coated with gold in an SPI sputter coater. Cells
were examined in a Zeiss 1525 scanning electron microscope operating at 3KV.
Images were recorded digitally.

3.3 Molecular characterization
Isolates were screened for presence of the nidA gene using primers targeting a
conserved 141 bp region of the gene (nidAfw and nidArv, DeBruyn et al. 2007).
Genomic DNA was combined with primers and PuReTaq Ready-To-Go PCR
beads (GE Healthsciences), and PCR performed using the following thermocycler
program: 95°C for 5 min, then 40 cycles of denaturing at 95°C for 1 minute,
annealing 56°C for 1 minute, and extension at 72°C for 1 minute, followed by a
10 minute final extension at 72°C. M. flavescens (ATCC 700033) genomic DNA
was used as a positive control. PCR products were visualized on a 1% agarose
gel stained with ethidium bromide.
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Isolates were then subjected to subsequent cloning and sequencing of both the
nidA gene and 16S rDNA genes. nidAfullfw and nidAfullrv primers (Table IV-1)
were used to amplify the full nidA gene (approximately 1365 bp), using the same
PCR conditions as above, except with an annealing temperature of 75°C.
Universal eubacterial 16S primers 8F and 1392R were used to amplify a section
of the 16S rDNA gene, using an annealing temperature of 56°C. PCR products
were cloned into PCR4.0 sequencing vector using the TOPO TA kit (Invitrogen,
Carlsbad, CA) according to manufacturer’s protocol. Products were sequenced on
an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA) at the
Molecular Biology Resource Facility, University of Tennessee (Knoxville, TN),
using both M13 forward and M13 reverse primers to sequence the entire insert.
Alignments and phylogenetic trees were done using MEGA (Molecular
Evolutionary Genetics Analysis) software version 3.1
(http://www.megasoftware.net/).

Table IV-1. Primers used in this study.
Size refers to approximate size of amplicon in base pairs (bp).
Target

Size
(bp)

nidA

141

nidA

1365

nidA3

1329

16S
rDNA

1364

Primer
name

Sequence (5’Æ3’)

Reference

nidAfw

TTCCCGAGTACGAGGGATAC

DeBruyn et al. 2007

nidA rv

TCACGTTGATGAACGACAAA

DeBruyn et al. 2007

nidAfull fw

ATGACCACCGAAACAACCG

This study

nidAfull rv

TCAAGCACGCCCGCCGA

This study

nidA3 fw

CCTGATGCGACGACAATG

This study

nidA3 rv

TCATACGTTCTCATCCCTTCTC

This study

8F

AGAGTTTGATCMTGGCTCAG

Lane et al. 1985

1392R

ACGGGCGGTGTGTACA

Lane et al. 1985

125

3.4 PFGE
Pulsed field gel electrophoresis was done on undigested genomic DNA to
determine if the isolates carried large plasmids. A method similar to Stinear et al.
was followed (Stinear et al. 2005). Briefly, cells grown in liquid culture were
inactivated in 70% ethanol for 30 minutes, followed by washing the cell pellet in
1% Triton X-100. Cells were resuspended in TE buffer and mixed with an equal
volume of 2% SeaKem Gold low melting temperature agarose at 45°C. Once the
agarose had solidified, the cells in the agarose plugs were lysed in a solution of
0.5 M EDTA (pH 8.0), 0.5% Sarkosyl, 2 mg/ml of deoxycholic acid, and 3.33
mg/ml lysozyme for 18 h at 37°C. Plugs were washed once, then incubated in as
solution of 0.5 M EDTA (pH 8.0), 0.5% Sarkosyl, and 1 mg/ml of proteinase K
for 7 days at 50°C. Seven day incubations have been found to be optimal for
recovery of DNA from Mycobacterium spp. (Hughes et al. 2001). After washing
in TE, the plugs were inserted into a 1% agarose gel and run on a BioRad CHEF
DRII system (BioRad) in 0.5X TBE buffer at 6 V/cm3 with 3 to 15.5 second
switch times for 12 hours followed by 15.5 to 60 second switch times for 6 hours.
DNA was visualized by staining with 0.5 µg/ml of ethidium bromide.
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4. Results
4.1 Isolation and identification of pyrene-degrading organisms
After at least a 20 day enrichment in pyrene, colonies that could produce a clear
zone in the pyrene-coated minimal media plates were apparent. These clear zones
are considered to be the result of localized metabolism, diffusion and
solubilization of the substrate (pyrene). Of the organisms that could degrade
pyrene on the minimal media plates, 18 (7 from Chattanooga Creek, 11 from Lake
Erie) could also been consistently grown on LB and were selected for further
characterization. The 11 Lake Erie isolates were all gram positive, acid fast rods;
SEM images were acquired for three of the strains (Figure IV-1 through Figure
IV-3). Their rod-shaped morphology is similar to other characterized pyrenedegrading Mycobacterium spp. The seven Chattanooga Creek isolates were gram
positive, non-acid fast rods; SEM images of five of the strains are shown in
Figure IV-4 through Figure IV-8.
Table IV-2 summarizes the characteristics of the pyrene-degrading isolates,
including their phylogenetic affiliations (at the family level), whether they were
acid fast, and whether they had nidA and nidA3 genes. The isolates were all the
order Actinomycetales (Phylum Actinobacteria); Figure IV-9 shows the
phylogenetic relationships between the isolates. The isolates from Lake Erie were
all acid fast and most were very closely related to other fast growing, pyrenedegrading Mycobacteria, indicating these isolates were all Mycobacterium spp.
One Lake Erie isolate, py136, clustered away from the others – it is most closely
related to M. smegmatis and M. moriokaense, which are fast-growing pathogenic
species, not previously associated with PAH degradation. In contrast, the isolates
from Chattanooga Creek were not acid fast, and fell into two different families:
Isolates py114, py115, py116, py120, py122 were most closely related to
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Figure IV-1. SEM images of pyrene-degrading organism PY143, isolated
from Lake Erie.
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Figure IV-2. SEM images of pyrene-degrading organism PY146, isolated
from Lake Erie.
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Figure IV-3. SEM images of pyrene-degrading organism PY138, isolated
from Lake Erie.
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Figure IV-4. SEM images of pyrene-degrading organism PY115, isolated
from Chattanooga Creek.
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Figure IV-5. SEM images of pyrene-degrading organism PY116, isolated
from Chattanooga Creek.
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Figure IV-6. SEM images of pyrene-degrading organism PY120, isolated
from Chattanooga Creek.
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Figure IV-7. SEM images of pyrene-degrading organism PY129, isolated
from Chattanooga Creek.

134

Figure IV-8. SEM images of pyrene-degrading organism PY132, isolated
from Chattanooga Creek.
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Table IV-2. Characteristics of pyrene-degrading isolates.
Organisms isolated from Chattanooga Creek (CC) or Lake Erie (LE). Closest
cultured organisms show RDP seqmatch score (number of unique 7-base
oligomers shared divided by the lowest number of unique oligos) (Cole et al.
2007) followed by NCBI BLAST Max identity %. + indicates that the gene was
amplified from the isolate and sequenced. – indicates gene could not be amplified.
Plas = plasmid size (determined by PFGE) ND = Not detected.
Isolate
name

From

Phylogenetic
assignment
(family)

Py114

CC

Intrasporangiaceae

Py115

CC

Intrasporangiaceae

Py116

CC

Intrasporangiaceae

Py120

CC

Intrasporangiaceae

Py122

CC

Intrasporangiaceae

Py129

CC

Microbacteriaceae

Py132

CC

Microbacteriaceae

Py136

LE

Mycobacteriaceae

Py137

LE

Mycobacteriaceae

Py138

LE

Mycobacteriaceae

Py139

LE

Mycobacteriaceae

Py140

LE

Mycobacteriaceae

Py142

LE

Mycobacteriaceae

Py143

LE

Mycobacteriaceae

Py145

LE

Mycobacteriaceae

Py146

LE

Mycobacteriaceae

Py147

LE

Mycobacteriaceae

Py148

LE

Mycobacteriaceae

Closest cultured organism
Phycicoccus dokdonensis
(0.874, 97%)
Knoellia subterranean
(0.798, 94%)
Phycicoccus dokdonensis
(0.873, 97%)
Phycicoccus dokdonensis
(0.869, 97%)
Phycicoccus dokdonensis
(0.837, 95%)
Leifsonia sp. PTX1
(0.915, 98%)
Leifsonia sp. PTX1
(0.952, 99%)
Mycobacterium barrassiae
(0.954, 98%)
M. vanbaalenii PYR-I (0.990,
99%)
M. austroafricanum
(0.990, 99%)
Mycobacterium vanbaalenii PYR-I
(0.992, 99%)
Mycobacterium vanbaalenii PYR-I
(0.997, 99%)
Mycobacterium austroafricanum
(0.996, 99%)
Mycobacterium austroafricanum
0.987, 99%)
Mycobacterium austroafricanum
(0.991, 99%)
Mycobacterium austroafricanum
(0.995, 98%)
Mycobacterium vanbaalenii PYR-I
(0.970, 99%)
Mycobacterium austroafricanum
(0.985, 99%)
Mycobacterium vanbaalenii PYR-I
(0.941, 98%)
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Acid
Fast

nid
A

nid
A3

Plas
(kb)

N

+

-

ND

N

+

+

ND

N

+

+

ND

N

+

-

ND

N

+

-

ND

N

+

+

ND

N

-

-

ND

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

Y

+

+

230

py142-3
py148-1
py138-4
58 py139-2
X84977-Mycobacterium vanbaalenii
83
py146-2
100 py137-1
X93182-Mycobacterium austroafricanum
py143-1
82 py140-1
57
py145-1
py147-2
CP000580-Mycobacterium spJLS
100 CP000384-Mycobacterium spMCS
CP000518-Mycobacterium spKMS
100
py136-2
AF456240-Mycobacterium marinum
X55599-Mycobacterium gilvum
X52933-Mycobacterium fortuitum
61
77
AJ276274-Mycobacterium frederiksbergense
D87974-Nocardioides KP7

59
88

Mycobacteriaceae

py115-1
py129-1
py132-1
X77450-Leifsonia aquatica
100
78
AB016985-Leifsonia xyli
Y17239-Microbacterium terregens
AB030911-Tetrasphaera elongata
AY944176-Terrabacter terrae
73
95
AJ566282 Intrasporangium calvum
EF493848-Phycicoccus aerolatum
51
EF493847-Phycicoccus aerophilum
100
py122-1
59
py116-1
100
py114-1
py120-1
AJ276351-Bacillus subtilis
100

97

95

Microbacteriaceae

Intrasporangiaceae

0.02

Figure IV-9. Phylogeny of pyrene-degrading isolates.
Neighbor joining tree showing the phylogenetic relationships between the pyrenedegrading isolates (16S rDNA, 8-1392). Characterized Actinomycete strains are
included for reference; Bacillus subtilis is included as an outgroup. Bootstrap
values (% of 1000 repetitions) over 50% are shown on branches.
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Phycicoccus sp., in the family Intrasporangiaceae. py129 and py132 were most
closely related to Leifsonia sp., in the family Microbacteriaceae.
Pulsed field gel electrophoresis of undigested genomic DNA from the isolates
revealed that all of the Lake Erie isolates (Mycobacteriaceae) had large plasmids,
around 220 – 230 kb in size (Figure IV-10). No plasmids were detected for any
of the Chattanooga Creek isolates.

4.2 Catabolic genes nidA and nidA3
All 18 isolates had the pyrene dioxygenase nidA gene, and the full gene
(approximately 1365 bp) was amplified and sequenced. The nidA genes from the
18 isolates had 98-99% sequence identity at the nucleotide level. The nidA3 gene,
an alternate pyrene dioxygenase, was found in all the Lake Erie Mycobacteria
isolates. However, only three of the Chattanooga Creek isolates (py115, py116,
py129) carried nidA3. The sequence similarity between nidA3 genes was 9799%. nidA and nidA3 genes from the isolates are highly similar to nidA and
nidA3 from characterized Mycobacterium spp. The phylogenetic relationships
between these α-subunit genes are shown in Figure IV-11.

4.3 Genomic architecture of five pyrene-degrading Mycobacterium spp.
The five species of fast-growing pyrene-degrading Mycobacteria that have had
their genome sequenced (Mycobacterium sp. strain KMS, MCS, JLS, M. gilvum
PYR-GCK, M. vanbaalenii PYR-1) show variability in genome architecture in
terms of plasmids and localization of pyrene dioxygenase genes (Table IV-3).
Strain JLS and M. vanbaalenii have no plasmids, MCS has one large linear
plasmid, KMS has two large circular plasmids, and M. gilvum has two small
138

Figure IV-10
F
0. Pulse fielld gel electrophoresis gels of undiggested genom
mic DNA
frrom pyrene degrading isolates.
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nidA-py137
nidA AY330102 MycobacteriumMCS
nidA-py140
nidA AF249301 MycobacteriumPYR1
nidA AY330100 MycobacteriumKMS
nidA-py143
nidA DQ537942 M gilvumCZH101
nidA AF548343 M flavescensPYR GCK
nidA-py115
nidA-py139
nidA-py145
nidA-py142
nidA-py138
nidA-py120
nidA-py116
nidA-py129
nidA AY330098 MycobacteriumJLS
nidA-py148
nidA-py146
nidA-py147
nidA-py122
nidA-py114
nidA-py136
nidA AF548347 M gilvumBB1
nidA AF546904 MycobacteriumS65
pdoA1 AJ494745 MycobacteriumPY1
pdoA AF546905 MycobacteriumS65
nidA3-py140
64
nidA3-py138
nidA3-py146
nidA3-py136
nidA3-py137
nidA3 DQ028634 M vanbaaleniiPYR1
nidA3-py147
nidA3-py115
nidA3-py148
nidA3-py142
nidA3-py139
nidA3-py143
nidA3-py129
95
nidA3-py116
99
nidA3-py145
pdoA DQ118530 TerrabacterHH4
phdA AB017794 NocardioidesKP7
pdoA2 AJ494743 Mycobacterium6PY1
narAa AJ401612 Rhodococcus1BN
99
narAa AY392423 RhodococcusP400
phtA1 AB084235 TerrabacterDBF63

0.1

Figure IV-11. Phylogenetic relationships of pyrene dioxygenase large
subunits.
Neighbor joining tree showing the phylogenetic relationships between pyrene
dioxygenase genes (nidA and nidA3) amplified from pyrene-degrading organisms
isolated from Chattanooga Creek (▲) and Lake Erie (●). Translated amino acid
sequences were used for the alignment, and characterized dioxygenase genes from
Mycobacterium and Rhodococcus are included for reference (□); a phthalate
dioxygenase gene (phtA1) from Terrabacter is included as an outgroup.
Bootstrap values (% of 1000 repetitions) over 50% are shown on branches.
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Table IV-3. Genomic characteristics of five pyrene-degrading
Mycobacterium spp.
Refseq and Genbank are NCBI accession numbers. + = one copy of gene, ++ = 2
copies of gene

Mycobacterium

Chromosome/
plasmid

Mycobacterium
vanbaalenii
PYR-1

Chromosome
Chromosome

Mycobacterium
gilvum PYRGCK

Mycobacterium
sp. JLS
Mycobacterium
sp. MCS

Plasmid
pMFLV03
Plasmid
pMFLV02
Plasmid
pMFLV01
Chromosome
Chromosome
Plasmid1
Chromosome

Mycobacterium
sp. KMS

Plasmid
pMKMS01
Plasmid
pMKMS02

Refseq
Genbank
NC_008726
CP000511
NC_009338
CP000656
NC_009339
CP000657
NC_009340
CP000658
NC_009341
CP000659
NC_09077
CP000580
NC_008146
CP000384
NC_008147
CP000385
NC_008705
CP000518
NC_008703
CP000519
NC_008704
CP000520
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Size
(kb)

GC

nid
A

nid
A3

6,491

67%

+

+

5,619

67%

++

+

16

65%

25

64%

321

65%

6,048

68%

++

+

5,705

68%

+

+

215

66%

5,737

68%

+

+

302

65%

+

+

216

66%

+

+

circular plasmids plus one large linear. The location of the catabolic genes nidA
and nidA3, as determined by sequence analysis, is just as varied: nidA and nidA3
are chromosomal in all five species. Two copies of nidA are in the chromosomes
of M. gilvum PYR-GCK and strain JLS. One copy of nidA exists on a plasmid in
KMS. nidA3 exists on the plasmid of MCS and on both plasmids of KMS. This
variation between closely related species suggests a certain amount of
intracellular gene shuffling and/or multiple horizontal transfer events have
occurred.
The organization of pyrene dioxygenase gene clusters is also indicative of
probable horizontal transfer events (Figure IV-12). In all 5 species, integrase and
transposase genes can be found in the regions upstream and downstream of nidA
and nidA3. Associated with these terminal dioxygenase genes are the requisite
dehydrogenase and ferredoxin genes that encode the electron transport chain
components of the dioxygenase. They are also associated with multiple copies of
other aromatic ring-hydroxylating dioxygenase genes, identifiable on the basis of
a conserved Rieske iron-sulfur center motif. The large (α) subunits encoded by
these genes range from < 41% to 71% amino acid similarity to nidA from M.
vanbaalenii PYR-1.
The inference of horizontal transfer is further strengthened by an analysis of GC
content of these regions. The larger gene clusters containing nidA3 shown in
Figure IV-12 range from 62.2 – 63.0 % GC; three of the smaller chromosomal
clusters ranged from 63.9 – 65% GC. This is notable lower than the GC content
of the chromosomes (67-68%) and the plasmids (65% - 66%). Plots of the
genomic GC content of Mycobacterium sp. KMS illustrate the low GC of these
gene clusters compared to surrounding regions (Figure IV-13). This pattern is
also evident for the gene clusters from the other four Mycobacterium spp. (data
not shown).
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Figure IV-12. Gene organization for 5 strains of pyrene-degrading
Mycobacteria.
nidAB and nidA3B3 genes are in blue and green, respectively. Mobile genetic
elements (integrase or transposase genes) are in pink. Dehydrogenases and
ferredoxin genes are in brown and black, respectively. Other aromatic ringhydroxylating dioxygenases (ARHDO) are in light purple, genes for the α
subunits include % amino acid similarity to nidA from M. vanbaalenii PYR-1.
Intra- or extradiol aromatic ring cleavage dioxygenases (ARCDO) are in dark
purple.
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Figure IV-13. GC content (%) of Mycobacterium sp. KMS chromosome
(outer circle) and plasmids.
Regions containing catabolic genes nidA and nidA3 are indicated by blue lines.
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It is of particular interest to note the difference in organization between the two
plasmids of Mycobacterium sp. KMS. Plasmid pMKMS01 (a 302 kb plasmid)
has nidA and nidA3 arranged in a manner similar to that of the chromosomal
arrangement in KMS and the other species. In contrast, plasmid pMKMS02 has
only nidA3 and the gene arrangement is most similar to that observed on plasmid1
of Mycobacterium sp. MCS. These plasmids are also similar in size (pMKMS01
is 216 kb, plasmid1 is 215 kb), GC content (both 66%), and have a high degree of
homologous genes (Figure IV-14), implicating a shared evolutionary origin.

Figure IV-14. Comparison of Mycobacterium sp. strain MCS plasmid 1 and
Mycobacterium sp. strain KMS plasmid pMKMS02 genes.
Red indicate homologous regions, blue are regions which are homologous but
inverted, yellow indicates the homologous region containing the pyrene catabolic
genes (nidA3). Alignment was done using blastn, graphic was generated by ACT
(Artemis Comparison Tool).
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5. Discussion
Pyrene-degrading isolates from Lake Erie were all Mycobacteria (order
Actinomycetales, suborder Corynebacterineae, family Mycobacteriaceae), closely
related to Mycobacterium vanbaalenii PYR-1, a strain which has been wellcharacterized in terms of pyrene degradation capabilities, genetics, and catabolic
pathways (Brezna et al. 2003, Brezna et al. 2006, Kim et al. 2006, Kim et al.
2007). Like M. vanbaalenii and the other pyrene-degrading Mycobacteria which
have had their genome sequenced, these strains all had highly homologous nidA
and nidA3 genes.
Pyrene-degrading isolates obtained from Chattanooga Creek were more
phylogenetically related to organisms in the families Intrasporangiaceae and
Microbacteriaceae (order Actinomycetales, suborder Micrococcineae).
Phylogenetically similar organisms have previously been isolated from activated
sludge (e.g. Tetraspheara spp.) (Maszenan et al. 2000): considering the mixed
containment profile of Chattanooga Creek, it is not surprising to recover
organisms belonging to these families. This is, however, the first study to
demonstrate that members of the Intrasporangiaceae and Microbacteriaceae
families degrade pyrene and carry nidA (and some, nidA3) genes encoding pyrene
dioxygenases.
Xenobiotic degradation capabilities have been observed in other members of the
family Intrasporangiaceae, which includes the genera Intrasporangium,
Janibacter, Knoellia, Terrabacter, Tetrasphaera, Serinicoccus and others.
Intrasporangium spp. have been associated with a naphthalene-degrading
consortium (Yu & Chu 2005). A varietyof Janibacter spp. have been associated
with biodegradation: Several can grow on dibenzofuran as a sole carbon source
(Noumura et al. 2004, Jin et al. 2006), others have been shown to degrade
trichloroethylene (Imamura et al. 2000), monochlorinated dibenzo-p-dioxin (Iwai
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et al. 2005), and PCBs (Sierra et al. 2003); one Janibacter strain was able to grow
on fluorene and dibenzothiophene as sole sources of carbon and cometabolize
some PAHs (dibenzo-p-dioxin, phenanthrene, and anthracene) (Yamazoe et al.
2004). Terrabacter spp. have also been associated with PAH degradation
(specifically fluorene) (Habe et al. 2005), and have dioxygenase genes similar to
nidA3 (Zhou et al. 2006). Some Terrabacter strains also metabolize phthalate
(Habe et al. 2003), dibenzofuran (Kasuga et al. 1997), chlorinated dioxins (Habe
et al. 2002), and 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene (DDE)(Aislabie et
al. 1999).
Two of the isolates from Chattanooga Creek were phylogenetically grouped
within the family Microbacteriacea which includes the genera Microbacterium,
Agromyces, Clavibacter, Curtobacterium, Leifsonia and others. The isolates were
most similar to other Leifsonia spp., a recently reclassified genus of
actinomycetes (Suzuki et al. 1999). This genus includes seven described species,
isolated from a variety of environments, including soil, plants and water (Janssen
et al. 2002).
The nidA and nidA3 genes from all the isolates show high homology to each other
and cultured pyrene-degrading Mycobacterium spp. Highly homologous nidA and
nidA3 genes in disparate geographical locations (Chattanooga Creek and Lake
Erie) and in phylogenetically disparate hosts (from families Mycobacteriaceae,
Intrasporangiaceae, and Microbacteriaceae) provides strong evidence for recent
horizontal transfer of nidA and nidA3 genes. nidA3 is a novel pyrene dioxygenase
identified by Kim et al. (2006) involved an alternate pyrene detoxification
pathway. This gene appears in all five of the published fast-growing, pyrene
degrading Mycobacterium genomes that are now publically available, and this is
the first study to show that nidA3, like nidA, is not limited to Mycobacteria.
nidA3 was not found in all nidA-containing isolates indicating that this gene can
be horizontally transferred independently of nidA. This is corroborated by the
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presence of integrases and transposase genes between nidA and nidA3 regions in
three of the five Mycobacterium spp. genomes examined.
Horizontal gene transfer is an important process in adaptation and evolution of
microbial communities. Mobile genetic elements can include plasmids,
transposons, integrons, genomic islands and phage (Osborn & Boltner 2002), and
has been shown to play an integral role in evolution of bacterial pathways. In
particular, these elements have contributed to development of xenobiotic
catabolism pathways. Evidence for a number of mobile genetic elements
containing catabolic genes has been extensively reviewed elsewhere (Sayler et al.
1990, Tan 1999, Tsuda et al. 1999, Habe & Omori 2003, Top & Springael 2003,
van der Meer & Sentchilo 2003, Nojiri et al. 2004, Springael & Top 2004, Phale
et al. 2007). There is evidence that some of these mobile catabolic elements can
be transferred between genera: Pseudomonas plasmid IncP-1 pJP4 (2,4-D
degradative genes) was found to be conjugatively transferred to α, β and γ
proteobacteria from an activated sludge community (Bathe et al. 2004). In a
similar study, the Pseudomonas plasmid encoding carbazole degradative genes
(IncP-7) was shown to transfer to Stenotrophomonas in a natural aquatic setting
(Shintani et al. 2007). Both Alcaligenes and Pseudomonas strains were found to
have closely related 2,4-D biodegradative plasmids (Ka & Tiedje 1994).
All eleven of the Lake Erie isolates had large plasmids that were approximately
220 – 230kb. In the five Mycobacterium spp. genomes examined, three had
plasmids, and pyrene dioxygenase genes were found on the plasmids of two. Two
of the species had duplicate copies of nidA on the chromosome. This varied
arrangement suggests intracellular rearrangement or multiple transfer and
acquisition events and has also be observed for catabolic genes in other bacteria:
Pseudomonas naphthalene dioxygenase genes are located on the chromosome in
some strains and plasmids in others (Herrick et al. 1997, Izmalkova et al. 2005) .
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Atrazine degradation genes have also been observed on the chromosomes and/or
plasmids of atrazine degrading organisms (Devers et al. 2007).
The arrangement of the gene clusters in the five pyrene-degrading Mycobacterium
spp. whose genome sequences are currently available presents additional evidence
for horizontal gene transfer events in the evolution of pyrene degradation genes
and pathways. Previous analysis of whole chromosome restriction patterns as
well as sequences of particular genomic regions have revealed evolutionary
relationships between these five strains (Miller et al. 2007). Here, a look at the
overall genetic architecture of the region provides more information, most notably
that nidA and nidA3 genes are in regions of multiple aromatic dioxygenase genes
bounded by mobile genetic elements, such as transposases and integrases.

This

close association of catabolic genes with transposases and integrases has been
observed for PAH dioxygenase genes, as well as other xenobiotic degradative
genes, in other species (Zhou et al. 2006, Devers et al. 2007).
Duplication of nidA occurred in two of the species, and similarity of arrangement
and GC content between chromosome and plasmid clusters further suggests high
mobility of these regions. Integration of transmissible catabolic plasmids into
genomes has been demonstrated for 2,4-D degradation gene- containing plasmids
in Alcaligenes paradoxus (Ka & Tiedje 1994). Rhodococcus spp. have also been
observed to have numerous dioxygenase genes, large plasmids and a large
genome prone to hyperrecombination, contributing to their metabolic versatility
(Larkin et al. 2005).
This study has demonstrated pyrene degradation by organisms in the families
Intrasporangiaceae and Microbacteriaceae and provides the first evidence for
horizontal transfer of the pyrene dioxygenase genes nidA and nidA3 between
genera of Actinomycetes.
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Part V.
PAH biodegradative genotypes in Lake Erie
sediments: evidence for broad geographical
distribution of pyrene-degrading Mycobacteria
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1. Abstract
Despite a long history of contamination of Lake Erie sediments, little work has
been done to understand the potential for PAH biodegradation by indigenous
microbial communities. Pyrene-degrading Mycobacterium are prevalent in many
polycyclic aromatic hydrocarbon (PAH)-contaminated fresh water sediments, and
are of interest for their ability to degrade environmentally-recalcitrant high
molecular weight PAHs. This study tested the hypothesis that pyrene-degrading
Mycobacteria are prevalent in Lake Erie; an additional aim was to gain a baseline
picture of the sediment microbial communities through construction and
sequencing of a 16S rDNA clone library. The biodegradation potential of
indigenous Lake Erie Mycobacterium populations was assessed through
quantification of pyrene dioxygenase genes (nidA) and Mycobacterium biomass
(16S rDNA genes) using quantitative real time PCR. nidA was detected at all
seven sampling sites across Lake Erie, with abundances ranging from 2.09 to 70.4
x106 copies per gram sediment, with the highest abundances at the site with the
greatest concentration of pyrene (Cleveland Harbor). This is in contrast to
naphthalene dioxygenase genes: proteobacteria dominated the Lake Erie sediment
16S rDNA clone libraries (>50% of clones), however nahAc (from γproteobacteria) was not detected anywhere, and nagAc (from β-proteobacteria)
was detected only at the most contaminated site (Cleveland Harbor). The
prevalence of Mycobacterium nidA genotypes corroborate previous studies
indicating that PAH-degrading Mycobacterium have a cosmopolitan distribution
and suggests they play an important but overlooked role in natural attenuation and
cycling of PAHs in Lake Erie.
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2. Introduction
Lake Erie is the smallest of the Laurentian Great Lakes, and the most impacted by
human activities. Lake Erie sediments have been found to contain a mix of
persistent organic contaminants, including polycyclic aromatic hydrocarbons
(PAHs) (Eadie 1984). PAHs are the result of incomplete combustion of organic
material, and are often associated with industrial activity. Not surprisingly, PAH
concentrations in Lake Erie tend to be highest in sediments near major cities
(Detroit, Cleveland, and Buffalo), including sediments of Detroit River, which
provides the majority of water inflow (Fallon & Horvath 1985, Drouillard et al.
2006). Isotopic patterns of PAHs indicate they are primarily fluvially deposited,
then transported around the lake via circulation (Smirnov et al. 1998). Secondary
sources of PAHs include deposition of contaminated dust and precipitation
(Cortes et al. 2000, Buckley et al. 2004, Sun et al. 2006).
PAHs are of concern because of their toxic, mutagenic and carcinogenic effects
on organisms. Benthic invertebrates in the Great Lakes have been found to
contain PAHs (Gewurtz et al. 2000, Marvin et al. 2000, Gewurtz et al. 2003,
Pickard et al. 2006). This indicates that these contaminants are bioavailable; there
is also evidence that PAHs may have toxicological impacts on higher trophic
levels (i.e. fish) in Lake Erie and its tributaries (Metcalfe et al. 1997, Baumann
1998, Yang & Baumann 2006).
Despite the presence of measurable concentrations of PAHs and their toxic effects
on aquatic organisms, little work has been done to examine the role of microbial
PAH biodegradation in Lake Erie sediments. The long history of PAH deposition
will have resulted in microbial communities adapted to exploit these as a carbon
source. As aerobic biodegradation is the primary degradation fate pathway of
PAHs from sediments (Mueller et al. 1989), it is very likely that these indigenous
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communities are playing an important but overlooked role in PAH attenuation and
contaminant cycling. Lake Erie sediment microbial communities have been
shown to degrade simple aromatics (Myers et al. 1994) and PCBs (Hoostal et al.
2002). PAH-biodegrading organisms have been previously isolated from the
Detroit River and Lake Superior, indicating that indigenous communities have the
capacity for PAH degradation (McNally et al. 1998), however these isolates were
not identified taxonomically or characterized in terms of functional (PAHdegradation) genotypes. This study is the first, to our knowledge, to examine
PAH-degradation potential in Lake Erie sediment communities using molecular
approaches.
Aerobic PAH catabolism in bacteria is initiated by substrate-specific ringhydroxylating dioxygenases, which catalyze the addition of hydroxyl groups,
destabilizing the aromatic ring for further nucleophilic attach. In other PAHcontaminated sediments, detection and quantification of the genes encoding the
large (α) subunits of these dioxygenases has provided valuable information
regarding genotypic potential for PAH mineralization by microbial populations
(Laurie & Lloyd-Jones 2000, Baldwin et al. 2003, Watanabe & Hamamura 2003,
Dionisi et al. 2004, Nyyssönen et al. 2006, DeBruyn et al. 2007).
In an aged-contamination setting such as Lake Erie, high molecular weight
(HMW) PAHs, such as pyrene and benzo[a]pyrene can be recalcitrant (Cerniglia
1992). Fast-growing Mycobacteria have been isolated from contaminated
sediments which can degrade these HMW PAHs (Heitkamp & Cerniglia 1988).
Pyrene-degrading Mycobacteria have been isolated from a variety of locations,
suggesting a cosmopolitan distribution (Miller et al. 2004, Kim et al. 2005b, Zhou
et al. 2006). This study aims to test the hypothesis that microbial communities in
Lake Erie sediments have the genotypic potential for PAH degradation, with
particular emphasis on determining the presence of HMW PAH-degrading
Mycobacteria. While some work has focused on the microbial community
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dynamics in the water column of Lake Erie (DeBruyn et al. 2004, Wilhelm et al.
2006, Cupp et al. 2008), limited information is currently available regarding the
microbial communities in the sediments, so an additional objective of this study
was to gain a basic picture of the indigenous community through sequencing of a
16S rDNA clone library. This is, to our knowledge, the first large clone library
constructed for Lake Erie sediments.
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3. Methods
3.1 Sampling and DNA extraction
Samples were collected from seven stations on Lake Erie (Figure V-1) aboard the
CCGS Limnos in August 2006. A CTD profiler was used to collect temperature
and oxygen concentrations. A box core sampler was used to grab bottom
sediments at each station, and box cores were subsequently subcored. The top 4
cm of each sub core was used for DNA extractions. Total DNA was purified in
triplicate from triplicate sediment cores (i.e. nine DNA extractions per station)
using the FastDNA SPIN kit for soil (Qbiogene, Morgan Irvine, CA) with minor
modifications as described previously (Dionisi et al. 2004). To determine if there
is variation in gene quantities within the top 4 cm, one subcore from each site was
sectioned into 0-2 cm and 2-4 cm depths, with these half cores extracted in
triplicate as above. The DNA from these sectioned cores was used as templates
for three of the real time PCR assays.

3.2 PAH quantification
PAHs were extracted according to EPA method 3546 using the Microwave
Automated Reaction System from CEM (Matthews, NC). Briefly, 10 g sediment
were combined with Base/Neutral Surrogate Standard (UltraScientific, North
Kingstown, RI) and 5 g Na2SO4. Samples were ground to < 1 mm particle sizes,
extracted twice in GreenChem vessels with 25 ml of a 1:1 hexanes:acetone
mixture (HPLC grade, Fisher Scientific, Pittsburg, PA) according to
manufacturer’s protocol (100°C for at least 20 minutes). The solvent was
concentrated and run on Hewlett-Packard gas chromatograph (model 6890)
equipped with a mass-selective detector (model 5973) and Hewlett-Packard
autosampler complying with Environmental Protection Agency (EPA) standard
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Figure V-1. Sampling sites on Lake Erie.

method 8270D. Sediment dry weight was determined following baking of 5 g of
wet soil at > 80° C for at least 48 hours.

3.3 16S clone library
A 16S rDNA clone library was constructed using DNA extracted from station 84
sediment. 16S genes were amplified using universal eubacterial primers 519F
(5’-CAGCAGCCGCGGTAATAC) and 926R (5’CGTCAATTCCTTTRACTTT) (Lane et al. 1985), and the following
thermocycler program: Denaturing at 95°C for 5 minutes, followed by 40 cycles
of 95°C for 30 seconds, 45°C for 30 seconds, and 72°C for 30 seconds, and a final
extension at 72°C for 10 minutes.
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PCR products were cloned into a TOPO-TA-PCR4 vector (Invitrogen, Carlsbad,
CA). Sequencing was done by the Clemson University Genomics Institute.
Alignments and phylogenetic trees were done using MEGA (Molecular
Evolutionary Genetics Analysis) software version 3.1
(http://www.megasoftware.net/). Trees were all built using a Kimura 2-parameter
distance model (Kimura 1980) and neighbor-joining clustering method with
bootstrap analysis. Phylogenetic assignment was done using the Ribosomal
Database Project II (release 9.59) (Cole et al. 2007). Phylotype grouping for
rarefaction analysis was done using FastGroupII (Yu et al. 2006).

3.4 Real-time PCR
To quantify abundance of PAH catabolic genes in Lake Erie sediments, TaqMan
probe quantitative PCR assays targeting genes that encode the large (α) subunit of
the terminal dioxygenase, responsible for the initial dihydroxylation of the
aromatic ring. The gene targets included pyrene dioxygenase genes (nidA from
Mycobacterium), and naphthalene dioxygenase genes (nahAc from γproteobacteria and nagAc from β-proteobacteria) and assays were performed as
described previously (Dionisi et al. 2004, DeBruyn et al. 2007). Statistical
comparisons of gene abundance were done in NCSS (Number Cruncher Statistical
Systems, Kaysville, UT) using a nonparametric one-way ANOVA on the ranked
data, and Kruskal-Wallis Multiple Comparison Z-test with Bonferroni adjustment.
To check for the presence of PCR inhibitors in the Lake Erie DNA extractions,
one replicate from each station was diluted 10 and 100 times (i.e. 2.5 ng and 0.25
ng DNA template per PCR, respectively). nidA copies were quantified using the
real time PCR assay.
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4. Results
4.1 CTD data and PAH concentrations
Water column temperature and oxygen concentrations are shown in Figure V-2.
As the western basin of Lake Erie is shallow (8-10 m), it remains mixed
(unstratified) in the summer. As a result, the three western basin stations (357,
969, 974) had bottom water oxygen concentrations of at least 4.6 mg/L. The
central basin is deeper (20-25 m) and stratifies during the summer, resulting in
bottom water oxygen concentrations of > 1.5 mg/L at stations 84 and 961. Station
958, just offshore of Cleveland, OH, is shallow and remains mixed, exhibiting
oxygen concentrations > 7.5 mg/L throughout the water column. Similarly,
station 308, in Long Point Bay, is also shallow (approximately 9 m deep) and
remains mixed, exhibiting temperatures > 23°C throughout the water column
(data not shown). Oxygen data was not available for station 308.
Fluoranthene and pyrene were detected at the three western basin stations (357,
974, 969) (Table V-1). Only fluoranthene was measurable at the central basin
stations (84 and 961). Cleveland Harbor (958) had the highest level of PAH
contamination: 15 of the 16 priority PAHs were measureable with a total PAH
concentration of 53.53 mg/kg sediment (dry weight). This is approximately 10
times higher than the most contaminated pelagic stations, measured both in this
study and previously (Smirnov et al. 1998). In contrast, none of the 16 priority
PAHs were detected in Long Point Bay (308).

4.2 Station 84 clone library
To get a picture of the sediment microbial communities at station 84, a 16S rDNA
clone library was constructed. 351 clones were sequenced, and FastGroupII was
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Figure V-2. Water column temperature and oxygen concentrations.
Water column temperatures (black) and oxygen concentrations (white) measured
in August 2006. The western basin stations 357, 974, 969 are shown in the top
panel and central basin stations 84 and 961 as well as station 958 (Cleveland) are
shown in the bottom panel.
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Table V-1. Concentrations of PAHs in Lake Erie sediments.
Concentrations are average mg/kg ± standard deviation, n=3. - =Not detected,
LMW PAH = low molecular weight PAHs (3 rings or less), HMW PAH = high
molecular weight PAH (more than 3 rings).
Western basin
PAH
Naphthalene

Central basin

357
-

974
-

969
-

Acenaphthylene

-

-

Acenaphthene
Fluorene

-

Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]
anthracene
Chrysene

-

961
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.31 ±
0.02
0.36 ±
0.03
-

0.20 ±
0.02
0.22 ±
0.01
-

0.18 ±
0.01
0.20 ±
0.01
-

84

0.10 ±
0.01
-

-

0.07 ±
0.002
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Cleveland
958
0.22 ±
0.02
0.28 ±
0.01
0.80 ±
0.07
2.31 ±
0.13
16.79 ±
1.17
4.20 ±
0.36
3.86 ±
0.27
2.42 ±
0.15
1.94 ±
0.11
1.96 ±
0.11
0.73 ±
0.05
1.13 ±
0.07
15.09 ±
0.97
0.81 ±
0.06
0.22 ±
0.02
0.81 ±
0.08

Long
Point
308
-

-

-

Benzo[b]
fluoranthene
Benzo[k]
fluoranthene
Benzo[e]pyrene

-

-

-

-

-

-

Benzo[a]pyrene

-

-

Indeno[1,2,3-c,d]
pyrene
Dibenzo[a,h]
anthracene
Benzo[g,h,i]
perylene
Total PAHs

-

-

-

-

-

-

-

-

-

-

-

-

0.67

0.42

5.54

0.10

0.07

53.53

0

LMW PAHs

0.31

0.20

0.18

0.10

0.07

24.61

0

HMW PAHs

0.36

0.22

5.36

0

0

28.97

0

0.14 ±
0.004
5.02 ±
0.27
-
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used for rarefaction analysis (Yu et al. 2006). Groups were determined for 80, 85,
90, 95, and 97% sequence identity, which grouped the sequences into 61, 96, 149,
207, and 240 phylotype groups, respectively; rarefaction curves are shown in
Figure V-3. The predicted Chao1 values indicate that there is a great deal of
diversity in these sediment communities, and this library reflects only a portion of
it: at 95% sequence identity, the observed phylotypes (207) make up only 38% of
predicted diversity (Chao1 = 549).
The phylogenetic affiliations of the clones sequenced are shown in Figure V-4.
Major divisions of bacteria common to sediment and aquatic microbial
communities were represented, including Proteobacteria, Actinobacteria,
Acidobacteria, Nitrospira, Firmicutes, Bacterioidetes, Planctomycetes, and
Cyanobacteria. Phylogenies were determined using RDP (Cole et al. 2007) with a
confidence threshold of 80%.
A neighbor-joining phylogenetic tree of the major divisions recovered in the clone
library is shown in Figure V-5. Over half (51%) of the clones in the library were
proteobacteria. Within the proteobacteria, 30.3% were β-proteobacteria. Some
were similar to Rhodocycales, Burkholderiales, and Commamonas, however
many fell into clades which were closely related to sequences from other
environmental clone libraries which had no cultured representatives (Figure V-6).
27.5% of the proteobacteria clones were γ-proteobacteria, falling into orders
Methyococcales, Xanthomonadales, Chromatiales, and Legionellales, also with a
large number of unclassified γ-proteobacteria matching only other environmental
(uncultured) sequences in the databases (Figure V-7). 10.7 % of the
proteobacteria sequences were α-proteobacteria, closely related to Sphingomonas,
Methylocycstis, and Rhodobacter (Figure V-8). 15.2% were δ-proteobacteria,
falling into two distinct clades: one group was closely related to Geobacter and
Desulfobacter, while the other group was more closely related to Bacteriovorax
and Desulfovibrio (Figure V-8). 16.3% were unclassified proteobacteria.
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Figure V-3. Rarefaction analysis of Lake Erie 16S clone library.
Curves were calculated for 80, 85, 90, 95, and 97% sequence identity. Chao1
values are listed for each.
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recovered within that phylogenetic classification. “Unclassified” groups could
not be assigned to a particular phylogenetic group. Clones not falling into a
distinguishable clade are represented by their clone name (e.g. ES6-16).
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Figure V-6. Neighbor-joining phylogenetic tree of proteobacteria 16S
sequences from Lake Erie sediments, highlighting the β subdivision.
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Figure V-7. Neighbor-joining phylogenetic tree of proteobacteria 16S
sequences from Lake Erie sediments, highlighting the γ subdivision.
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Figure V-8. Neighbor-joining phylogenetic tree of proteobacteria 16S
sequences from Lake Erie sediments, highlighting the α and δ subdivisions.
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Twenty sequences were recovered that fell into the phylum and class
Actinobacteria (Figure V-9). Of these, 10 were in the order Rubrobacterales,
which included Rubrobacterineae and Conexibacter. Seven were Actinomycetes,
including Actinosynnemataceae, Mycobacteriacea and Frankineae. The two
sequences most closely related to Mycobacterium had 98% sequence identity to
other fast-growing, environmental Mycobacterium spp. Verrucomicrobia was
represented by 18 sequences, falling into subdivision 3, Opitutus,
Xiphinematobacteriaceae and Verrucomicrobiaceae (Figure V-10). The clone that
was most closely related to a cultured representative (ES4-7) had 97% sequence
identity to Opitutus sp. VeSm13.
Other sequences of interest include clones most closely related to candidate
divisions WS3 and OP10, monophyletic groups that currently have no cultured
representatives. Chloroplast sequences were also recovered: eleven clones had
98-99% identity to Aulacoseira and Thalassiosira spp. chloroplast sequences.

4.3 Quantification of PAH catabolic genes
To check for PCR inhibitors in the Lake Erie DNA extractions, 10 and 100 fold
dilutions were used as templates (i.e. 2.5 ng and 0.25 ng DNA template per PCR,
respectively). Quantitative PCR on dilutions yielded nidA abundances that were
not significantly different from abundances measured using 25 ng per reactions
(Student’s t-test, n=3, p > 0.05, Figure V-11), indicating that the DNA extraction
method effectively removed PCR inhibitors.
Sectioned cores (0-2 cm and 2-4 cm) were collected to determine if there was
variation in genotype abundances at this scale. 16S rDNA, Mycobacteria 16S
rDNA and nidA were quantified (Figure V-12). There were no significant
differences in abundances of any of the genes between the 0-2 and 2-4 cm
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Figure V-9. Phylogenetic neighbor-joining tree of Actinobacteria sequences
recovered from Lake Erie.
Type strains are included for reference, although most sequences were
unclassifiable i.e. no cultured representative
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Figure V-10. Phylogenetic neighbor-joining tree of Verrucomicrobia
sequences from Lake Erie.
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Figure V-11. Dilution series to determine PCR inhibition in Lake Erie
sediments.
Copies of nidA per 25 ng of extracted DNA at each station, using 25 ng (black
circles), 2.5 ng (white triangles) and 0.25 ng (grey squares) of environmental
DNA template per reaction. There was no significant differences between the
dilutions (Student’s t-test, n=3, p>0.05), indicating that PCR inhibition is not
occurring.
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Figure V-12. Comparison of microbial genotypes in 0-2 cm and 2-4 cm core
sections.
16S rDNA, mycobacterium 16S and nidA were quantified in the split cores: 0-2
cm (closed circles), 0-4 cm (open circles). There were no significant differences
between the 0-2 cm and 2-4 cm sections of the cores (Student’s T-test, n=9,
p>0.01).
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sections (Student’s T-test, n=9, p>0.01), indicating that the 0-4 cm cores used for
the remainder of the study captured a similar community (i.e. there were no major
differences in community abundance or structure within the 0-4 cm section in
terms of degradation genotypes).
Gene abundances for the seven stations are shown in Figure V-13. Total
eubacterial biomass (16S gene copies/g dry weight) did not vary significantly
between the pelagic stations (357, 974, 969, 961, 84), ranging from 9.72 x 109 to
3.87 x 1010 copies per gram sediment (dry weight). Eubacterial biomass was,
however, significantly lower in Cleveland Harbor (958) and Long Point Bay (308)
(Kruskal-Wallis one way ANOVA p < 0.001), with mean abundances of 5.55 ±
4.62 x 107 and 1.53 ± 0.57 x 109 copies/gram dry weight, respectively.
Mycobacterium biomass was also measured, using an assay specific to fastgrowing Mycobacteria. Stations 357 and 961 had the highest Mycobacterial
biomass at 5.86 ± 2.25 x 107 and 8.07 ± 4.69 x 107 copies per gram sediment,
respectively. The lowest was observed at station 958, at 4.79 ± 4.30 x 105 copies
per gram sediment.
nagAc (from β-proteobacteria) was only detected in Cleveland Harbor (958), with
abundances averaging 1.04 ± 0.79 x 104 copies per gram dry weight sediment.
All other stations were below detection limit (about 1000 copies per gram
sediment). nahAc was also below detection at all stations. The absence of
detectable nagAc and nahAc was also observed in sediment samples taken from
Lake Erie in July 2004 (data not shown).
In contrast to the low-molecular weight PAH dioxygenases, nidA was detected at
all stations in abundances ranging from 2.09 x 106 to 7.04 x 107 copies per gram
sediment (Figure V-13). A Kruskal-Wallis one way ANOVA and post hoc
multiple comparison Z value test showed that nidA abundances at station 84 and
961 are significantly higher than the rest of the stations (p < 0.001), which do not
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Figure V-13. Microbial gene abundances in Lake Erie sediments.
Quantities of 16S rDNA (black), pyrene dioxygenase gene nidA (grey),
Mycobacteria 16S rDNA (white) and naphthalene dioxygenase gene nagAc
(hatched) are shown for each station. nahAc was below detection at all stations;
nagAc was below detection at all but 958 (Cleveland harbor).

176

differ significantly from each other. When normalized to Mycobacteria biomass
(Mycobacterium 16S copies) or total Eubacterial biomass (eubacterial 16S copies)
nidA copies are significantly higher in Cleveland Harbor (Station 958) (KruskalWallis one way ANOVA, p < 0.001). This is due to a reduced abundance of both
Mycobacterium and total Eubacterial biomass at this site.
The relationship between nidA copies and Mycobacterial biomass is shown in
Figure V-14. There is a positive relationship between the two: where greater
Mycobacteria biomass is observed, nidA is enriched, suggesting that
Mycobacterium spp. are the primary carriers of nidA genotypes in Lake Erie.
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Figure V-14. Relationship between nidA and Mycobacterial 16S rDNA gene
abundances.
The positive relationship between nidA gene abundances and fast-growing
Mycobacteria biomass (16S rDNA copies) indicates that nidA likely occurs
primarily in Mycobacterium spp.
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5. Discussion
PAH concentrations have been previously measured for the five pelagic stations
sampled (974, 969, 357, 961, 84) (Smirnov et al. 1998). Where PAHs were
quantified in our samples, concentrations were comparable to those measured
previously. For example, fluoranthene concentrations in our samples ranged from
0.18 – 0.31 mg/kg and pyrene from 0.20 – 0.36 mg/kg for the western basin
stations; Smirnov et al. measured 0.16 – 0.19 mg/kg and 0.18 – 0.20 mg/kg,
repectively. The major difference in this study is that PAHs were not always
detected in this study, while Smirnov detected most of the 16 priority PAHs
compounds at all five sites; this difference may be due to some attenuation of
PAHs over time, or differences in detection sensitivity due to methodology. The
persistence of fluoranthene and pyrene without any detectable low molecular
weight PAHs (i.e. naphthalene) suggests that these are aged contaminants. The
most contaminated site was Cleveland harbor (958), with total PAH
concentrations of 54 mg/kg sediment. This contamination is not unexpected, as
this site is at the mouth of the Cuyohoga River, an EPA-designated Area of
Concern. The high level of contamination at Cleveland Harbor and low level seen
in Long Point Bay (308) is consistent with previous measures showing higher
levels of contamination near cities and lowest in the northern parts of the lake
(Smirnov et al. 1998).
The 16S rDNA clone library representing the microbial community in the
sediments at station 84 revealed a great deal of diversity. Phylogenetic groups
common to other freshwater sediment habitats were represented in this clone
library, including δ-proteobacteria and Acidobacteria (Spring et al. 2000). The
largest phylogenetic grouping observed was the β-proteobacteria, representing
about 15% of the clones in the library. This coincides with many other freshwater
sediment microbial community studies, which report a high percentage of β178

proteobacteria in their clone libraries (Spring et al. 2000, Briee et al. 2007). In
contrast to other libraries, more γ-proteobacteria were detected here: Our library
had about 14%, while other studies typically find 0-9% of clones are γproteobacteria (Spring et al. 2000). In addition to the expected taxa in the
community, clones representing the novel phylogenetic lineages OP10 and WS3
were also detected. These candidate divisions have no cultured representatives,
but appear to be broadly distributed in freshwater environments (Dojka et al.
1998, Stein et al. 2002). This community also contained sequences most closely
related to Verrucomicrobia. This too is a group that has few cultured
representatives, but is commonly retrieved from sediment aquatic communities
(Zwart et al. 1998). The recovery of chloroplast and cyanobacterial sequences in
sediment clone libraries is not unexpected: In particular, Aulacoseira chloroplast
sequences in our library is consistent with observed increases in Aulacoseira spp.
in Lake Erie following Dreissena invasion (Barbiero et al. 2006).
Pyrene dioxygenase nidA genes were detected at all stations sampled. This is
consistent with previous observations of consistent nidA genotype abundances in
PAH-contaminated sediments (DeBruyn et al. 2007) and suspended particles (Part
III). Abundances in Lake Erie ranged from 2.09 x 106 to 7.04 x107 copies per
gram sediment. This is slightly higher than abundances observed in Chattanooga
Creek sediments (5.69 x 104 - 4.92 x 106 copies per gram sediment) (DeBruyn et
al. 2007). These observations, combined with other studies that have detected
nidA at a variety of geographical locations (Margesin et al. 2003, Hall et al. 2005,
Miller et al. 2007), implies a cosmopolitan distribution of pyrene-degrading
organisms (i.e. Mycobacteria) carrying nidA. Coinciding with the detection of
nidA pyrene dioxygenase genes across the lake is the recovery of two sequences
in the clone library that were most closely related to fast-growing Mycobacterium
spp. This indicates that while Mycobacteria populations likely do not dominate
numerically in these communities, they are present, and they do have the
functional genotypes for contaminant conversion. The low abundance seen in the
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clone library may be in part due to difficulties in amplifying Actinomycetes using
universal primers, which has been observed elsewhere (Farris & Olson 2007).
nidA and Mycobacteria biomass were positively related to each other, suggesting
that Mycobacterium spp. are the primary carriers of the nidA genotype in Lake
Erie. This is in contrast to Chattanooga Creek, where no relationship was
observed between the two (Part IV).
Despite the prevalence of γ- and β-proteobacteria in the clone library, the
naphthalene dioxygenase genes nahAc and nagAc normally associated with these
groups was notably absent. This is also inconsistent with previous attempts to
isolate PAH-degrading organisms from the Detroit River, which yielded gram
negative organisms only (McNally et al. 1998). nagAc from β-proteobacteria was
detected only in Cleveland Harbor (station 958), also the only station with
detectable concentrations of low molecular weight PAHs (naphthalene,
phenanthrene). Despite the measureable concentrations of low molecular weight
PAHs at 958, nahAc was below detection here (and the rest of the stations), and
no sequences similar to Pseudomonas spp. were recovered in the clone library
from station 84. Much research has been done on PAH-degrading Pseudomonas
with the nahAc genotype, and NahA is often considered the “classic” naphthalene
dioxygenase. However, recent work on PAH-degrading communities has
suggested that this genotype may not be as environmentally relevant as some of
the other dioxygenase genes (e.g. nagAc or phnAc) (Laurie & Lloyd-Jones 2000,
Rhee et al. 2004, DeBruyn et al. 2007, Gomes et al. 2007).
In summary, the prevalence of fast growing Mycobacteria rDNA sequences and
nidA pyene dioxygenase genes at all stations sampled shows a broad distribution
of these genotypes and implicates that Mycobacterium spp. are likely playing a
role in natural attenuation of high molecular weight PAHs from Lake Erie
sediments.
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Part VI.
Summary and Conclusions
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1. Microbial ecology of PAH-degrading organisms
Microbial ecologists strive to determine important functional groups in complex
microbial communities. In the case of biodegradation of PAHs, these functions
contribute to the attenuation of these compounds and remediation of contaminated
environments. Therefore an understanding of the functional ecology of PAHdegrading microbial communities is integral to determining the environmental
fate of contaminants as well as making informed remediation and management
decisions.
The work presented in this dissertation has employed both culture-independent
molecular tools as well as more traditional cultivation of microorganisms to
examine the dynamics of indigenous PAH-degrading populations in situ. In
particular, it has highlighted fast-growing Mycobacterium spp. which are capable
of using high molecular weight PAHs, such as pyrene and benzo[a]pyrene, as a
sole carbon source. Mycobacterium populations and pyrene degradation
genotypes were observed to have consistent abundances across different
environments, indicating they play an important role in attenuation of high
molecular weight PAHs from historically contaminated aquatic systems.
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2. Naphthalene biodegradative genotypes
In this examination of Mycobacterium and related pyrene-degrading populations,
abundance of naphthalene degradation genotypes were also monitored. Some of
the best characterized PAH-degrading organisms are Pseudomonas, originally
isolated on naphthalene, and their naphthalene dioxygenase, NahAc, is arguably
the best studied PAH catabolism enzyme. As a result, many studies have focused
on naphthalene dioxygenase genotypes as a biomarker for PAH degradation. In
sites such as Chattanooga Creek and Lake Erie, the contaminants are typically
aged, and significant attenuation of low molecular weight PAHs has occurred. In
Chattanooga Creek, Pseudomonas naphthalene dioxygenase genes were only
sporadically detected, and did not relate significantly to activity or naphthalene
concentrations. In Lake Erie, this genotype was not detected at any of the seven
stations. This suggests that Pseudomonas populations may not be present and/or
functionally relevant in all PAH-contaminated settings, and that nahAc may not as
universal of a PAH-degradation biomarker as it was once thought. This also
highlights the importance of using culture-independent approaches to
understanding the dynamics of PAH-degrading microbial populations in situ,
rather than relying solely on lab-based studies.
In Chattanooga Creek, it had previously been shown that Ralstonia-like nagAc
genotypes were prevalent and related to naphthalene concentrations (Dionisi et al.
2004), and this dissertation work confirms that observation: nagAc genotypes
were detected at all sites. Further confirmation comes from observations from
Lake Erie, where this genotype was detected at the one site where low molecular
weight PAHs (naphthalene, phenanthrene) were measurable. Other studies have
also demonstrated enrichment of nagAc genotypes in naphthalene-contaminated
soils and sediments. For example, in a survey of dioxygenase diversity during
enrichment, the indigenous community in PAH-contaminated soil had a much
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higher abundance of Comamonas-like nagAc compared to Pseudomonas nahAc
(Ní Chadhain et al. 2006). Sequencing of naphthalene dioxygenase genes from
contaminated mangrove sediments revealed only one sequence similar to cultured
organisms, and that was nagAc (Gomes et al. 2007). β-proteobacteria are
typically dominant in freshwater sediment microbial communities and these
observations suggest that β-proteobacteria, such as Ralstonia or Commomonas,
play a key role in attenuation of low molecular weight PAHs.
This work has highlighted the dynamics of three PAH dioxygenase genotypes,
however it should be kept in mind that studies have indicated that there is a great
diversity of PAH dioxygenase genes which has yet to be uncovered (Ahn et al.
1999, Taylor et al. 2002, Ní Chadhain et al. 2006, Gomes et al. 2007). The realtime PCR assays used for this work is quite stringent, targeting sequences with ≥
98% sequence identity. While this is ideal for quantifying specific genotypes, it
certainly excludes related dioxygenase genes. Exemplifying this fact was the
isolation of one pyrene-degrading organism that did not appear to have either the
nidA or the nidA3 genes, indicating that there is likely other initial pyrene
dioxygenase genes in this organism. As more genome sequences become
available, high throughput methods such as functional gene arrays (e.g. Rhee et al.
2004) will provide a more comprehensive picture of community dynamics during
PAH biodegradation.
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3. Evolution and biogeography of pyrene degrading organisms
The observations presented in this dissertation of a persistent population of
pyrene-degrading organisms over time and space suggests a cosmopolitan
biogeographic distribution of these organisms. This work demonstrated their
presence in PAH-contaminated aquatic sediment and suspended particles; other
studies have also isolated similar organisms from both contaminated and
uncontaminated soils and sediments (Table I-2). These observations indicate that
pyrene-degraders are widely distributed in the environment. The consistency of
detection of pyrene degrading population is particularly interesting in contrast to
the other two naphthalene genotypes (nahAc and nagAc) monitored throughout
these studies which showed greater variability in abundances.
Examination of the genomes of Mycobacteria indicates that the evolution of
pyrene catabolic pathways has involved extensive horizontal gene transfer and
intracellular gene shuffling. This has been observed in other organisms for other
catabolic genes, and this work now presents evidence for horizontal gene transfer
in Mycobacteria. The first pyrene degrading organism, Mycobacterium
vanbaalenii PYR-1, was isolated about 20 years ago, relatively recently compared
to other biodegradative strains. Now, this work has demonstrated that other
genera can use pyrene as a sole carbon source, most likely evolving this metabolic
capability through horizontal transfer of pyrene catabolic genes. Future work will
likely continue to reveal the importance of these organisms to contaminant
cycling and attenuation in a variety of contaminated environments, particularly
those which have a long history of contamination and have aged, recalcitrant,
higher molecular weight compounds.
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